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Performance of a Thermoelectric Module

ABSTRACT

Thermoelectric (TE) is the direct conversion of temperature difference between the
junctions of two dissimilar materials to provide electrical output. This effect was
discovered by Thomas Seebeck in 1821. Later, in 1851, Peltier showed the converse
Is also true. The Seebeck effect could be utilized to generate electricity and the Peltier
effect could be utilized as a heat pump for the cooling of semiconductors like LEDs.
This paper reports on the performance of TE modules. Thermal characteristics such as
the Seebeck coefficient (o), thermal conductance (Kt), internal resistance (Re),
power load (P) and Coefficient of Performance (COPc), were determined in this study.
Experiments were conducted using TE in both power generating (TEG) and in cooling
(TEC) modes. The Seebeck coefficientand thermal conductance were found to be quite
constant but the internal resistance increased as the temperature increased. The
coefficient of performance was found to decrease with power supplied to the TE.

Recommendations for future studies were suggested to improve the present study.



Vi

TABLE OF CONTENTS

DECLARATION . .. ..ottt sttt ettt sae st beanaenean I
APPROVAL FOR SUBMISSION .......ccooitiiiiiiiieieese e I
ACKNOWLEDGEMENTS. ..ottt v
ABSTRACT .ottt sttt e reere et et et e e tenreeneene e \
LIST OF APPENDICES ......cooiiiiiittsieee et VIl
LIST OF FIGURES ..ottt IX
CHAPTER 1 INTRODUCTION ...ttt 1
1.1 Background Of StUAY .........ccoeiiiiiiic i 1
1.2 Problem STAtEMENTS ........cciiiiiiiiicieie e 3
1.3 ODJECTIVES ...ttt bbbttt bbbt 3
1.4 OULHNE OF TRESIS....cuiiiiiiiii sttt 3
CHAPTER 2 LITERATURE REVIEW .......ccci it 4
2.1 Characterisation of thermoelectric modules ..........cccevovveiiieve e 4
2.2 Thermoelectric POWEr geNEration ...........cccveiveviiiieie e 5
2.3 Thermoelectric cooling and heating ...........ccceveiieiicie i 5
CHAPTER 3 THEORETICAL INVESTIGATION.....ccoeiiveeeeeeceeeeee 10
3.1 Theoretical model of fin heat SINK ..........cccoiviiiiiii e 10
3.1.1 Fin efficiency and thermal resistance of fin heat sink for 1-D heat flow. . 10

3.2 Theoretical model of fin heat SiNK With TE. ..........cccovieiiiiiieee e 13
CHAPTER 4 EXPERIMENTAL INVESTIGATION....ccccoiiiiiieiiceeeeeeies 21
4.1 EXperimental @pParatus..........cceiueeiieiiiieiie e siee st see e sree e 21
411 TE MOUAUIB.....ceeee e 21
4.1.2 Aluminium BIOCK ........coouiiiiie s 22
4.1.3 Electrical resistance heating element............cccccooi i, 22
4.1.4 AC POWET SUPPIY oottt 22
4.1.5 DC POWET SUPPIY ..ot 22
A.0.6 MUIIMELEIS ...ttt nees 23



R D - 1 B I To [ [ O PPRSUPRRUPRPIN 23
4.1.8 ThermoCOUPIE WITES .......ccveiveeieiie et 23
4.1.9 Insulation Material ............ccooieiiieiieee s 23
4.1.10 Aluminium fin Neat SINK ........cooeiiiiiiiieee e 23

4.2 EXperimental ProCEAUNE.........ccvv et 24
4.2.1 The effects of the heat SINK..........ccocoveiiiiiiiei 24
4.2.2Characterisation of the TE module ...........ccoovveiiiiieniis e 25
4.2.3 Performance of the TE module for power generation .............cccccevvennenee. 25
4.2.4 Performance of the TE module for cooling ........cccccovvviiieniiniiic e 26

4.3 EXperimental RESUILS .........ccoviiiiie et 26
CHAPTER 5 DISCUSSION OF RESULTS ..ot 69
5.1 The effects Of the Neat SINK .........ccooviiiiiie e 69
5.2 Seebeck COCTIICIENT (Olte) +ouvvrverrrrrerrieieieriesie sttt sttt 70
5.3 Thermal conduCtanCe, Kie........coiiiiiieieriiieie s 71
5.4 Internal reSiStanCe (Rte) ... veoververererieieieriesie st 71
5.5 POWEr GENEIated, PL...cviiieieiiiieiieieee e 72
5.6 TEC COOMING ....ccviiiiiiiciiee ettt eere s 73
CHAPTER 6 SUGGESTIONS FOR FURTHER STUDIES ........ccccoovieiieee. 75
CHAPTER 7 CONCLUSIONS......cooiiiiiiieee et 76
REFERENCES. ... ..ottt st 77
NOMENCLATURE ...ttt 79
APPENDICES ... .ottt e et e e e et e e et e e anee e 80

Vil



Vil

LIST OF APPENDICES

APPENDIX TITLE PAGE
Table 1 Experimental results to determine the thermal resistance of fin
heat sink. 80
Table 2 Summary result of TEG. 81
Table 3 Summary results of TEC. 84
Table 4 Raw Data for Experimental Run Al. 85
Table 5 Raw Data for Experimental Run A2. 86
Table 6 Raw Data for Experimental Run A3. 87
Table 7 Raw Data for Experimental Run A4. 88
Table 8 Raw Data for Experimental Run B1 89
Table 9 Raw Data for Experimental Run B2 90
Table 10 Raw Data for Experimental Run B3 92
Table 11 Raw Data for Experimental Run B4 94
Table 12 Raw Data for Experimental Run B5 96
Table 13 Raw Data for Experimental Run B6 98
Table 14 Raw Data for Experimental Run B7 100
Table 15 Raw Data for Experimental Run B8 102
Table 16 Raw Data for Experimental Run B9 104
Table 17 Raw Data for Experimental Run C1 106
Table 18 Raw Data for Experimental Run C2 108
Table 19 Raw Data for Experimental Run C3 110
Table 20 Raw Data for Experimental Run C4 111
Table 21 Raw Data for Experimental Run C5 112
Table 22 Raw Data for Experimental Run C6 113
Table 23 Raw Data for Experimental Run C7 114
Table 24 Raw Data for Experimental Run C8 115
Table 25 Raw Data for Experimental Run C9 116

VIl



LIST OF FIGURES

FIGURE TITLE PAGE
Figure 1 Cut —away view of a TE module 2
Figure 2 Thermal resistance of rectangular profile fin heat sink 19

Figure 3 Thermal resistance network of fin heat sink for 1-D heat flow 20
Figure 4 Thermal resistance network of fin heat sink with TE for 1-D heat

flow 20
Figure 5 Experimental apparatus 28
Figure 6 Dimensions of Laird TE HT8, 12, F2, 4040 module 28
Figure 7 Locations of thermocouple in aluminium block 29
Figure 8 Experimental set up to determine thermal resistance of fin heat sink

under 1-D heat flow 29
Figure 9 Experimental set up in TEG mode 30
Figure 10 TEC Experimental setup and location of thermocouples 31
Figure 11 Transient temperature results for Run Al, A2, A3 and A4 32
Figure 12 Seebeck coefficient and thermal conductance of HT8#1, HT8#2

and HT8#3 33
Figure 13 Internal resistance of HT8#1, HT8#2 and HT8#3 34

Figure 14 Power generated by TE module HT8#1 (Run B1, B2 and B3) 35
Figure 15 Power generated by TE module HT8#2 (Run B4, B5 and B6) 36
Figure 16 Power generated by TE module HT8#3 (Run B7, B8 and B9) 37
Figure 17 Comparison of Power generated by TE module HT8#1, 2, 3 38
Figure 18 Experimental results of HT8 module#1 under TEG mode (4.8 W,
Run B1) 39
Figure 19 Experimental results of HT8 module#1 under TEG mode (7.6 W,
Run B2) 40
Figure 20 Experimental results of HT8 module#1 under TEG mode (10.4 W,
Run B3) 41
Figure 21 Experimental results of HT8 module#2 under TEG mode (5.2 W,
Run B4) 42
Figure 22 Experimental results of HT8 module#2 under TEG mode (7.6 W,
Run B5) 43
Figure 23 Experimental results of HT8 module#2 under TEG mode (10 W,
Run B6) 44
Figure 24 Experimental results of HT8 module#3 under TEG mode (5.1 W,
Run B7) 45
Figure 25 Experimental results of HT8 module#3 under TEG mode (7.5 W,
Run B8) 46
Figure 26 Experimental results of HT8 module#3 under TEG mode (10.3 W,
Run B9) 47


file:///D:/Document%20file/Y4S2/FYP2/Thesis(V4).docx%23_Toc429441535
file:///D:/Document%20file/Y4S2/FYP2/Thesis(V4).docx%23_Toc429441536
file:///D:/Document%20file/Y4S2/FYP2/Thesis(V4).docx%23_Toc429441537
file:///D:/Document%20file/Y4S2/FYP2/Thesis(V4).docx%23_Toc429441537

Figure 27 Experimental results of HT8 module#1 under TEC mode (5.1 W,
Run C1) 48
Figure 28 Experimental results of HT8 module#1 under TEC mode (7.3 W,
Run C2) 49
Figure 29 Experimental results of HT8 module#1 under TEC mode (10 W,
Run C3) 50
Figure 30 Experimental results of HT8 module#2 under TEC mode (5 W,
Run C4) 51
Figure 31 Experimental results of HT8 module#2 under TEC mode (7.5 W,
Run C5) 52
Figure 32 Experimental results of HT8 module#2 under TEC mode (10.4 W,
Run C6) 53
Figure 33 Experimental results of HT8 module#3 under TEC mode (5.1 W,
Run C7) 54
Figure 34 Experimental results of HT8 module#3 under TEC mode (7.6 W,
Run C8) 55
Figure 35 Experimental results of HT8 module#3 under TEC mode (10 W,
Run C9) 56
Figure 36 Temperature distribution of HT8 module#1 at TE voltage input
(5.1 W, Run C1) 57
Figure 37 Temperature distribution of HT8 module#1 at TE voltage input
(7.3 W, Run C2) 58
Figure 38 Temperature distribution of HT8 module#1 at TE voltage input
(10 W, Run C3) 59
Figure 39 Temperature distribution of HT8 module#2 at TE voltage input (5
W, Run C4) 60
Figure 40 Temperature distribution of HT8 module#2 at TE voltage input
(7.5 W, Run C5) 61
Figure 41 Temperature distribution of HT8 module#2 at TE voltage input
(10.4 W, Run C6) 62
Figure 42 Temperature distribution of HT8 module#3 at TE voltage input
(5.1 W, Run C7) 63
Figure 43 Temperature distribution of HT8 module#3 at TE voltage input
(7.6 W, Run C8) 64
Figure 44 Temperature distribution of HT8 module#3 at TE voltage input
(10 W, Run C9) 65
Figure 45 Performance of HT8#1 66
Figure 46 Performance of HT8#2 67
Figure 47 Performance of HT8#3 68



CHAPTER 1

INTRODUCTION

1.1 Background of study

Thermoelectric (TE) is the direct conversion of temperature difference between
the junctions of two dissimilar materials (thermocouple) to electricity. This incidence
was discovered by Thomas Seebeck and is known as the Seebeck effect. In essence a
thermoelectric device generates DC voltage when a temperature differential is applied
across it. Thus, TE devices are employed to generate electricity or to measure
temperature. However, is it possible for a thermoelectric device to be able to be used
as temperature controllers to regulate the temperature of objects. In this instance Peltier
showed that the converse is also true. A voltage applied between the junctions of the
thermocouple creates a temperature difference between them. The direction of heating
and cooling is determined by the polarity of the applied voltage which is known as the
Peltier effect. In real life applications, the Seeback effect could be utilized to generate
electricity and the Peltier effect could be utilized as a heat pump to transfer heat from
the cold junction to the hot junction.

A typical TE module is shown schematically in Fig. 1. It consists of several
pairs of thermocouple semiconductors and the thermocouples are sandwiched between
two ceramic plates so that the surfaces are electrically insulated on both surfaces.
Depending on the direction of current flow, the junction of the two conductors will
either absorb or release heat. A TE module consists of multiple pairs of thermocouples

electrically connected in series and thermally in parallel. TE module can be
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differentiated into thermoelectric generator (TEG) and thermoelectric heat pump
cooler (TEC). TEG could be utilized to generate electricity whereas TEC could be
utilized as a heat pump. Thermoelectric modules are able to stabilize the thermal
management, regulate the temperature of electronic chips, administers the cooling of

small size products, water heating, refrigeration and employ waste heat as a heat source.

An example of where thermoelectric modules could be implemented for heat
management are high powered LEDs. Light emitting diodes (LEDs) are rapidly
utilized to replace conventional light bulbs due to their high efficiency,
environmentally friendly, reliability and perdurable charecteristics. Present day high
power LEDs are capable of providing up to 120-150 Im/W with 80 — 90% of the input
energy being converted into heat. Thermal management is of critical importance for
high power LEDs and provides a challenging task for designers. Poor heat dissipation
decreases its lighting efficiency. The higher the LED’s operating temperature, the
more quickly the light will degrade, and the shorter the useful life will be. Traditional
LED chip cooling include the finned metal fins under natural or forced convection. In
order to increase their cooling performance, LEDs use a variety of unique heat sink

designs and configurations to manage heat.
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1.2 Problem Statements

Thermal performance of a thermoelectric module depends on the physical properties
such as the Seebeck coefficient (at), the electric resistance (Re) and the thermal
conductivity (Ke). Manufacturers of thermoelectric modules do not provide this sort
of data for their customer or in certain cases the given data are not accurate because of
the variation in the process of manufacturing. So in order to determine the performance
of a TE device, physical properties of the thermoelectric module are required. An
experimental apparatus was fabricated in this study for this purpose. Experimental
investigations who were carried out to determine the performance of some TE modules

for thermoelectric power generation and heat pump cooling.

1.3 Objectives

The main objective is to investigate the performance of TE modules for power
generation and heat pump cooling. The following investigations were carried out to

determine:

e Heat sink thermal resistance.
e Characteristics of the TE module.

e Performance of TE modules for power generation and heat pump cooling.

1.4 Outline of Thesis

Chapter 1 introduces the working principles and applications of thermoelectric.
Literature survey on past works on characterisation of thermoelectric modules,
thermoelectric power generation and thermoelectric cooling system are presented in
Chapter 2. A theoretical model to determine the performance of a fin heat sink is
introduced in Chapter 3. Chapter 4 describes the experimental investigation carried
out. The experimental results are discussed in Chapter 5. Suggestions are included for
further improvements in Chapter 6. Chapter 7 concludes the study.



CHAPTER 2

LITERATURE REVIEW

2.1 Characterisation of thermoelectric modules

Phillips (2009) carried out various experiments whereby the thermal efficiency of TE
characteristic was determined. Utilizing a variable power cartridge heater, thermal
power was supplied to a module encased in a insulating container and the temperature
difference across the module was calibrated using the type-K thermocouples.
Comparing his findings to those that of before him, he found that in relation to the
accepted average value of thermal conductivity his results was within 21%, the
Seebeck coefficient within 16% and the thermal efficiency of low AT within 20%.
Thermistors were used to improve the accuracy of measurements like thermal

conductivity and Seebeck coefficient.

Another research on characterisation of thermoelectric, Nazri (2007) carried out an
experiment whereby the TE characteristics like thermal conductivity, electric
resistance, Seeback coefficient, and conductivity are determined. The results were
compared with the results given by the manufacturer. Fin, cooling fan with fin, and
water cooling jacket are the three different heat sinks that were selected to determine
their performance. Optimization of thermoelectric performance is amended by

analysing the effect of several settings for the heat sinks.



2.2 Thermoelectric power generation

Niu et al. (2008) performed an experimental and theoretical study on low-temperature
waste heat thermoelectric generator. The hot and cold fluid flow temperatures, flow
rates and power output’s load resistance and conversion efficiency were investigated
in this study. They found that the power obtained and conversion efficiency were

highly effected by the operating conditions.

Rowe et al. (1998) carried out investigation on the evaluation of thermoelectric
modules for power generation. They investigated the parameters such as the power per
area, cost per watt and factor of manufacture quality. They found that with usage of
commercially available thermoelement of appropriate length it could effortlessly
obtain a cost-per-watt of £/W. They added on that for better results, a module with
optimised geometry with improved MQF will be required.

Nguyen and Pochiraju (2013) performed an experiment to study the characteristics of
thermoelectric generator (TEG) which simulates real life energy harvesting
applications where a transient heat source will affect the hot surface and the cold
surface is cooled through natural convection only. An implementation of Seebeck,
Peltier, Thomson, and Joule effects was conducted using finite-difference technique.
Thomson effect was found to greatly affect the expected power generation by

thermoelectric in their conclusion.

2.3 Thermoelectric cooling and heating

Zhou et al. (2011) performed an experimental and theoretical study for the
optimization of a thermoelectric cooling (TEC) system which takes into consideration
the thermal conductance on the hot and cold sides. They obtained COP of between
0.40- 0.47.



Lee et al. (2007) carried out an investigation on the cooling performance of a
thermoelectric mirco-cooler. They investigated the effect of parameters such as
temperature difference, the current, the thickness of the thermoelectric element and the
amount of thermoelectric pairs towards the performance of the cooler. They found that
the COP has the highest value when the current applied was at 1.12A. Other than that,
a trend of increasing COP could be recorded when the temperature difference

decreases or the increase in the thickness of the thermoelectric element.

Toh et al. (2007) carried out studies on optimization of a thermoelectric cooler-heat
sink combination for active processor cooling. They analyzed the performance of an
off-the-shelf TEC utilized together with a fan-cooled extruded aluminium heat sink in
cooling a Pentium processor package and the performance of only the heat sink is
compared by using systematic methodology for characterizing and comparing the
performance of the TEC enhanced system with that of a heat sink only system. He
found that there is also a trade-off for the increase in COP of the TEC for purposes of

systems processor cooling.

Zhang (2010) developed a general way in optimizing and evaluating thermoelectric
coolers. Based on the TEC thermal balance equations, simplified formulations are
derived by TEC pallet level and module level, and analytical solutions for cooling
capacity and device temperature. He found that performance parameters and device
side thermal resistance realized by a fast selection of heat sink with the present analysis

approach.

Riffat et al. (2004) carried out investigations on improving the coefficient of
performance of thermoelectric cooling system. Maximum heat pumping capacity is
achieved by a relatively short thermoelement. Improvements in both COP and heat
pumping capacity are extremely important in reducing the contact resistances. An
accurate module test measures the basic physical properties of a thermoelectric module
and performance curve for the new methodologies of system design and system

analysis of high performance thermoelectric cooling system. Multistage thermoelectric



modules are used to improve the COP for applications with large temperature
difference.

Cosnier et al. (2008) carried out investigations on thermoelectric air cooling and air
heating system. They found that COP is above 1.5 in air cooling mode and close to 2
in heating mode which required maximal electrical intensity in the range of 4-5A to
maintain the small temperatures difference of 5-10 °C between the hot and cold side
of the TE.

Kazmierczak et al. (2009) performed an experiment to design a simple and effective
heat pump system which can potentially fulfil home cooling and heating requirements.
They investigated the effects of the TE power input, number of TE units, rate of fluid
flow, and heat sink temperature. They found that lower flow rates can increase the heat
sink resistance and temperature across the TE module and potentially cause the system

to operate less efficiently.

Luo et al. (2005) carried out an experiment on thermoelectric heat pump water heaters.
They found that the heating coefficient of a TE heat pump is 1.6, and is more efficient
than compared with electrical heating devices under suitable operating condition. In
the application of a TE in water heating purposes, it is found that it can save over 40%
of power consumption with the TE heat pump as compared to a conventional electric
water heater.

Chein et al. (2005) performed an experimental and theoretical study on thermoelectric
cooler performance for cooling a refrigeration object. TEC hot side was employed with
microchannel heat sinks manufactured with etched silicon wafers to dissipate heat.
Water temperatures inside tank and at the microchannel heat sink inlet and outlet were
analysed in the experiment. The equivalent TEC hot side temperature and
microchannel heat sink performance were estimated by utilizing the measured

temperature data. They concluded that for low temperature cooled object the TEC



current input should be increased and it is critical to reduce the thermal resistance of
heat sink in the same time.

In small scale cooling applications, TE coolers only have a COP of 0.5 comparing to
COP of large machines of 3.0 to 5.0. Bass et al. (2004) took upon to investigate the
performance of a multi-layer quantum well thermoelectric in electronic cooling
applications. The TE was required to keep the component at a fixed temperature where
it will then pump the excessive heat to a higher temperature which is then rejected.
The MQLW which was in the development stages was found to be able to cool the

electronic component an increases the CPU’s performance.

TE generators with multi-elements require further investigations on its power output
and efficiency expressions. Chen et al. (2001) carried out an experiment for this
purpose including attention on heat transfer irreversibility in the heat exchangers
between the generator and the heat sources. The findings show that there is a direct
effect on the heat transfer irreversibility on the performance of a thermoelectric
generator. On a final note, the amount of thermoelectric elements has a consequence

on the performance as well.

Another research which concludes the importance of Thomson effect on the cooling
efficiency of a thermoelectric cooler was carried out by Huang et al. (2004). The
research focuses on the temperature distribution of a thermoelectric in relation to the
Thomson effect, Joule heating, Fourier’s heat conduction and the heat transfer through
convection and radiation. It was found that not only the Thomson effect plays an

important role but the figure-of-merit of the thermoelectric materials as well.

Taylor et al. (2006) too concluded that a combination of applied current and TE
geometry is required to achieve a minimum junction temperature at maximum COP.
The focus was on achieving and analytic expression for a TE element geometry which
would yield a desirable temperature for electronic cooling applications. A model



constructed with a 0.4K/W heat sink with an optimized bismuth-telluride TE module

found that a maximum of 100W could be dissipated at a junction temperature of 85°C.

Using finite time thermodynamics and fundamental ideology of thermoelectric
generation technology, Gou et al. (2010) created a model of a thermoelectric generator
system. The model suffices on a low-temperature waste heat as to simulate industrial
conditions. Comparing their findings and theoretical analysis, it shows a possibility of
implementing the system for waste heat recovery for industrial purposes. The findings
shown an increase in waste heat temperature, number of TE modules in series,
expanding heat sink surface area and enhancing cold-side heat transfer capacity can

increase the performance of the system.

Leephakpreeda (2011), set out to acquire a simple methodology, in a few steps of
measurement, to obtain the parameters of thermoelectric modules. A series of input-
output descriptive models were also proposed for a readable representation of linear
input-output relation for real cooling/heating purposes. The investigation focused on
thermoelectric modules of capacities 45, 60 and 91.2 W. The experimental results

obtained an agreement with the simulated results.
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CHAPTER 3

THEORETICAL INVESTIGATION

3.1 Theoretical model of fin heat sink

A heat sink is a passive heat exchanger which is employed to remove heat produced
by an electronic component. This is to keep device temperature at a certain low level.
Heat spreading resistance occurs while a small heat source is in contact with a bigger
heat sink surface. The spreading resistance occurrence results is a large temperature
slope between the heat source and the boundaries of the heat sink. It impede the heat
transfer rate from the hot surface to the boundaries of fins. Fin efficiency is determined

by the actual heat transfer from the fin.

3.1.1 Fin efficiency and thermal resistance of fin heat sink for 1-D heat flow.

An isometric view of a conventional rectangular profile straight fin and wall heat
sink combination is shown in Fig. 2(a) together with the thermal resistance network
in Fig. 2(b). The temperature distribution along the fin is shown in Fig. 2(c). The fin

efficiency is given by

tanh (Min Lin c)
(Mfin Lfinc)

Mfin =

10



where
Mg, = ha 2(Wiin +tfin) )
n —
Kin Wein tin
and the corrected fin length
Lfin
Lfin,c = Lfin+—= 3)

The total heat transfer surface area of the heat sink is given by

EAns = Nin Afin + Afinb (4)

where the heat transfer surface area of each fin is

Afin = (2Lin +tfin) Win (5)

and the total heat transfer surface area of the non-finned or bare portion of the heat

sink is

Asinb = (Sfin —tfin) Wsin (Nin =1)  (6)

The total surface fin efficiency of a multi fin array is given by

N o A
M(1—77fin) (7)

no =1-
2Ans

The total heat transfer rate from the heat sink is given by

dh =1 Ng ZhAns (Tp —Ta) (8)

11
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The surface thermal resistance of the fin heat sink is calculated from

1

—_— 9
Mo Na hAng ©

Rfin =

For a plane wall of thickness Axpase, Wall resistance is given by

AXpase (10)

Rbase =
kfin Sfin Wfin Nfin

The total thermal resistance of the fin heat sink under 1-D heat flow is thus given by

Rt1D = Rhs + Rbase (11)

A theoretical model for a fin heat sink assembly undergoing 1-D heat flow is shown
in Fig. 3(a) together with the associated thermal resistance network in Fig. 3(b). An
aluminum block is placed in-between the heat source and the fin heat sink. In the
absence of heat spreading effect, the interface temperatures (Ts, Tf and Tm) shown

are assumed uniform.

The thermal resistance of the aluminum block may be determined from

(Ts _Tf )
al =——— (12)
Pen
and the contact resistance from
(rf _Tf m)
Ry=—"" (13)
Pen

12
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In the absence of thermal contact resistance, temperature Ths would be equal to Tem.

The total thermal resistance of this heat sink assembly for 1-D heat flow may be

determined from

(rfm _Ta)
Riip=—"" (14)
Pen

3.2 Theoretical model of fin heat sink with TE.

Figure 4(a) shows a TE module incorporated together with a fin heat sink. The
associated thermal resistance network is shown in Fig. 4(b). Contact resistances are
neglected. All interface temperatures are expected to be uniform since the heat flow
is 1-dimensional. Hot side (Tn) temperature is equal to heat sink base temperature

(Ttm). From Fig. 4(b), the thermal resistance of the TE module is given by

RTE (TC _Th) (15)

The effective thermal resistance of the fin heat sink with TE assembly is then given
by

ERfre =Rre +R1p (16)

where fin resistance (Rfip) is obtained from Eq (14).

13



The heat transfer rates at the cold and hot sides of the TEC module are given by

2
IL Rte

O =oe I Te + + Ko ATie

and

2
IL Rte

Oh=0e I Th— + Kie ATge

where the temperature difference across the TE module is

AT =Th - T,

The induced TE voltage is

Vie =0 ATt + le Ree

Power developed by the TE module is given by

PL :dh_qc

Substituting Eqgns. (17) and (18) into Eqgn. (21), we obtain

2
PL=ote IL ATte — I Ree

The efficiency of the generator is calculated from

A7)

(18)

(19)

(20)

(21)

(22)

(23)

14
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From the resistance network

_Th _Ta
Rf1p

dh (24)

The internal electrical resistance of the TE module can be experimentally represented

by

Rie =a+bTyrE (25)

where mean TE temperature

(Th +T¢) (26)

TmTE =~

From Eqgs. (18), (22) and (23) we obtain

Ritp 0 1ETc—2a 12 — 4K Te) 4T,
h =
Riip (0 lte +4 ae lie —4 Kig) —4

(27)

With specified values of cold surface temperature (Tc) and operating ambient
temperature (Ta) together with the characteristics of the TE module, the expected hot
side temperature (Th) can be iterated from Eq. (27) at a given TE current (l). The TE
voltage to be supplied is given by Eq. (20). When no power is provided to the TE,
open-circuit (no load) voltage results from the temperature difference imposed on
both sides of the module

VL = e ATie (28)
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Seebeck coefficient is then determined from

VL
Qe =
ATie (29)
and thermal conductance from
o= Pen.
ATie (30)

With load connected, the output voltage drops as a result of the internal resistance of
the TE module. Dividing Eq. (22) by I, we obtain the voltage generated across the

module when a load is connected to it, viz.,

Vi =ae ATig =1 Rie =V =1L Ree (31)

Rearranging the above, we obtain the current supplied

I :i(vNL -V) (32)
Rie

The current flow at each TE module is calculated from

Vi
[, =—= 33
LR (33)
From Eqgns. (32) and (33), we obtain
R
Vi =V | —— 34
v [ ] 34

16



and internal resistance from

V
Rie = RL K%_lj (35)
L

Heat transfer rate at the cold side of the TEC module is expressed as

' It2e Ree
Oc = e lte Te — —Kie ATge
(36)
and the heat rejection rate at the hot side
1% Ree
Oh = e lte Th + —Kie ATge
(37)

where the temperature difference between the cold and hot sides is defined as

AT =T, -T, (38)

Power supplied to the TE module is given by

Pe = 01—, (39)

Substituting Eqgns. (36) and (37) into Eqgn. (38), we obtain

Re = e lte ATie + It2e Ree (40)

The voltage impressed across the TE module under load condition is given by

Vie = 0%e AT + e Ree (41)

17
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and the current supplied is

1
lte = R_ Vie — e ATpe)
te

The coefficient of performance for cooling is defined as

COP, = g—c
te

Rewriting Egn. (41) gives

Vie — e ATge)

lte

Rte =

(42)

(43)

(44)

18

Assuming perfect insulation with no heat loss, the heat transfer rate (q'c) at the cold

side of the TE is equal to the power (Pen) supplied by the electrical heater.

Eqgn. (36) can be rewritten as

_ (e e To + Kie To —Pepy — 1§ Ree /2)

Th
Kte

(45)

The thermal resistance network for a fin heat sink incorporated with a TE module is

shown in Fig. 4(b). The heat transfer rates across the surfaces can be written in terms

of the interface temperature differences and resistances, viz.,

C a_s _Tc)

4c = Rer

- -T

O = (Th—Ta)
Ry

(46)

(47)

18
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Substituting (q'h ) from Eqn. (47) into Eqn. (37) we obtain
2

lie R
Told+ Ry [(Kie - ote el -~ Kee Ry To =Ry 272 +T, (48)

Eqgns. (45) and (48) are quadratic equations which can be solved to give Tn and It given
Ta, Tc and Rf.

Tf Tb Ta .
Reb hs
\_Y_/
2(a). Cross-section of fin heat sink o(bY. Fin Ft\)f_l i I
and heat source. (b). Fin eat sink therma
resistance.
T
Tf \Tb\
E :Ta
1 : o L
0 I—fin

2(c). Temperature distribution along fin.

FIGURE 2 THERMAL RESISTANCE OF RECTANGULAR PROFILE FIN HEAT
SINK
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CHAPTER 4

EXPERIMENTAL INVESTIGATION

4.1 Experimental apparatus

A photograph of the experimental apparatus is shown in Figure 5. The experimental
apparatus consisted of a thermoelectric module, aluminum block, electric heating
element, AC power supply, DC power supply, digital multimeter, data logger,

thermocouple, insulation materials and aluminum fin heat sink.

4.1.1 TE module

The thermoelectric module used in this experiment is HT8, 12, F2, 4040 from Laird
Technologies. This TE module is assembled with proprietary solder construction,
Bismuth Telluride semiconductor material and thermally conductive Aluminium
Oxide ceramics. Practical usages of the TE modules are on larger heat-pumping
applications and high temperature power generation with maximum operating
temperatures of 175°C. This TE module has dimensions of 44 x 40 x 4 mm as shown

in Figure 6.
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4.1.2 Aluminium block

The aluminium block is used to measure the temperature of TE cold side (T¢) and
temperature of heating element (Ts). There are two thermocouples which were located
at the 1.5 mm deep grooves on the centre of the aluminium block surface which is in
contact with the cold side of TE and surface of the heating element to obtain a
temperature measurement. Location of the thermocouple on the block surface shown

in Figure 7.

4.1.3 Electrical resistance heating element

An electric heating element with a maximum power rating of 50 W was employed to
provide heat to the TE module. The amount of power supplied was adjusted according

to temperature needed.

4.1.4 AC Power Supply

The AC power supply used has a maximum output voltage of 240V to supply power
to electrical heating element to supply high temperature at the hot side of the

thermoelectric module. The amount of power supplied can be adjusted.

4.1.5 DC Power Supply

MicroMate Adjustable DC Power Supply VPS15-40 was used to supply power to TE
module. This power supply has a maximum potential difference of 15V and maximum

amperage of 40A.
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4.1.6 Multimeters

Multimeters were used to measure the voltage of the AC power supply, alternating
current flowing into the electrical heating element, the direct current produced by the
TE module, the voltage of the DC power supply and direct current flowing into the TE

module.

4.1.7 Data Logger

Data Logger GRAPHTEC GL820 with total of 20 channels are used where 8 channels
are used to measure temperatures at respective position as shown in Figure 10 and 2

channel is used for voltage measurement.

4.1.8 Thermocouple wires

Type T thermocouples were used in this experiment. The wires are made up of copper

and constantan with tolerance of +0.5°C.

4.1.9 Insulation material

Insulation materials include gasket paper, cock board, rock wool and box were used in this
experiment to minimise heat loss to the ambient. The insulation consisted of a composite layer

of 10 mm thick cork board and 95 mm thick rock wool.

4.1.10 Aluminium fin heat sink

A heat sink is a thermal heat transfer device that used to distribute heat from a high temperature

heat source to ambient. The heat sink has dimensions of 45 x 45 mm with a 10 mm thick base.
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4.2 Experimental Procedure

4.2.1 The effects of the heat sink

Figure 8 shows the experimental set up to determine the effectiveness of the
heat sink used. An electric heating element and heat sink was employed as to simulate
heat generation and dissipation. The heat sink was placed on top of heating element
and the entire set up was fixed down with a G-clamp. Thermal insulation materials like
cork boards and rock wools were wrapped around the heating element to ensure heat
flow in one dimension, towards the heat sink, and prevent large heat loss towards its
surrounding. The thickness of thermal insulation was approximately 100mm. An
Alternating Current (AC) power supply was used to power up the heating element and
measured with an AC voltmeter and ammeter to obtain an actual reading of the power
supplied. There were in total four runs in this experiment, all runs were performed with
the heat sink under natural convection. The power inputs to the heating element used
for every run was 10W, 15W and 20W. The results from Run Al to A4 are shown in
Table 1 and plotted in Figure 11. Tf1, Tr, T13, and T4 are the temperature readings at
the base of the fin of the heat sink which is the heat produced from the heating element
with Tras the average temperature reading. Thermocouples inserted at the grooves of
fin heat sink to measure the surface temperature on hot side of the heating element.
Insulation temperature (Tins) and ambient temperature (Ta) were measured by another
two thermocouples located at the end of thermal insulation and surrounding of the
insulation. All thermocouple probes were connected and logged by data logger.

Locations of thermocouple are shown in Figure 8.

24



25

4.2 .2Characterisation of the TE module

Figure 9 shows the experimental setup for the characterisation of TE module
and TE power generator (TEG) mode. A TE module and aluminium block were added
in between the heat sink and heating element in the experimental setup. The aluminium
block located between the TE module and heating element. TE module
(HT8.12.F2.4040) from Laird Technologies were used. The data logger records two
set of potential readings, which are Vierand V. Vier was used to determine the current
produce by the TE as it flows through a resistor. V. determines the voltage potential
produce by the TE. The no load voltage (Vi) was recorded before any load resistance
was applied to the circuit. A total six of 1€ resistors were added as load, R in run B1,
B2 and B3 while nine of 1Q resistors were used in Run B4 to B9. The first resistor
was meant as a reference resistor (Rrer) and the voltage (Vref) was recorded for indicate
current flow (I.) at the TE module by calculation. The experiment was run under
natural convection with 5W, 7.5W and 10W power input to the heating element. A
voltmeter was connected to the thermoelectric module for measuring voltage generated
when it perform as power generation mode (TEG). Results of the Seebeck coefficient

and thermal conductance against mean temperature are shown in Figure 12.

4.2.3 Performance of the TE module for power generation

The experiment of TEG was similar with the experiment 4.2.2 Characterisation
of the TE module. Pen were adjusted to 3 different values which were 5W, 7.5W and
10W. The changeable resistor values were set to nine different values which were start
from 1Q with the increment of one resistor each time until 9Q for run B4 to B9. While
six of 1Q resistors were used in Run B1, B2 and B3 with increment of 1Q. The first
resistor was procedure as reference resistor, Rrer and the voltage, Vrer was recorded for
indicate current flow, I_ at the thermoelectric module by calculation using Ohm’s Law.
A voltmeter was connected to the thermoelectric module for measuring voltage
generated when it perform as power generation mode (TEG). The power generated by

TE module HT8 are shown in Figure 14, Figure 15, Figure 16 and Figure 17.
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4.2.4 Performance of the TE module for cooling

The experimental apparatus set up is similar to the set up shown in Figure 9
but differs slightly as the TE receives power input from a DC power supply so that the
TE could be used as TEC mode. Three runs will performed with the same power input
(10W) to the electrical heating element and there were three different voltage input to
the TEC, which were 4V, 6 V and 8V in Run B1, B2 and B3 while 2V, 4V and 6V in
Run B4 to B9. The current input readings were taken to determine the power input to

the TEC. The voltage input and temperature readings are recorded by the data logger.

4.3 Experimental Results

All the graphs were plotted in this section based on the results obtained from the
experiment. The main results obtained from the experiment including Seebeck
coefficient of TE (o), thermal conductivity of TE (k), electrical resistance of TE
(Rte), power generated by TE(PL) and coefficient of performance (COP).

Figure 11 plotted the graphs that show the amount of time taken for the
electrical heating element to reach steady state. Total 4 experimental runs were
conducted which are Run A1, Run A2, Run A3 and Run A4 represents the steady state
time required when electrical heating element powers (Pen) were 10W, 15W and 20W
respectively. The data collected at steady state will be used to calculate the required

result.

Figure 12 reviewed the graphs that show Seebeck coefficient of TE (at) and
thermal conductance of TE (Kt) of HT8#1, HT8#2 and HT8#3 against the mean
temperature of TE (Tm).
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Figure 13 presents the graphs that shows internal resistance, Rt against mean
temperature of TE (Tm) when load resistance (RL) were 1.08Q, 2.16Q, 3.24Q, 4.32Q),
5.40Q, 6.48Q2, 7.48Q2, 8.64Q and 9.72Q).

Figure 14 to 17 presents the graphs that shows power generated (P.) against
load resistance (RL) of HT8#1, HT8#2 and HT8#3. Seven resistors were used for all
three power input which 5W, 7.5W and 10W in Run B1, B2 and B3.A total of nine
resistors were used in Run B4 to Run B9 for all three power input (5W, 7.5W and
10W).

Figure 18 to 26 plotted the graphs that show the change in temperature and
voltage against time for Run B1 to B9 in 5W, 7.5W and 10W power input respectively.
Seven resistors were used for all three power input which 5W, 7.5W and 10W in Run
B1, B2 and B3.Total of nine resistors were used in Run B4 to Run B9 for all three
power input (5W, 7.5W and 10W).

Figure 27 to Figure 35 represents the changes in temperature of different parts
of the TEC for Run C1 to C9 in 5W, 7.5W and 10W power input respectively. Three
voltage inputs were used for all three power input, which were 4V, 6V and 8V in Run
C1, C2 and C3 while 2V, 4V and 6V in Run C4 to Run C9.

Figure 36 to Figure 44 plots the changes in temperature of different probes of
the TEC for Run C1 to C9 in 5W, 7.5W and 10W power input respectively. Three
voltage inputs were used for all three power input, which were 4V, 6V and 8V in Run
C1, C2 and C3 while 2V, 4V and 6V in Run C4 to Run C9.

Figure 45, 46 and 47 shows the power supplied to TE (Pt) and coefficient of
performance (COPc) against the current (A). The coefficient of performance shows

the capability of the cooler in pumping heat.
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CHAPTER 5

DISCUSSION OF RESULTS

5.1 The effects of the heat sink

The thermal conductivity of the aluminum was found to be equal to 51 W/m K
using the Transient Plane Source method of determination by Zhang et al. (2014). The
results were arranged in Table 1 and the transient temperature results were plotted in
Figure 11. A total 4 experimental runs were conducted over 6 hours each with
increasing power inputs of 5W in intervals of 2hours. The results were indicating that
not much difference between the experimental runs in 10W, 15W and 20W power
input. The mean surface temperature (Tm) could be obtained from the average of
thermocouples T, Tr, Trs, and Tra. The mean surface temperature (Ttm) for Run Al
increases from 78°C to 125.3°C noting a difference of 47.3°C. For runs A2 till A4 a
temperature difference of 49.4°C, 42.3°C and 46.8°C respectively for mean surface
temperature was obtained. Table 1 shows the ambient temperature was around 20°C
and the average thermal resistance of the fin heat sink is 5.6 + 0.6K/W, which was
calculated from Equation (14). The result shows that the surface temperature of the
heating element increases as the power input increases. The temperature of the heat
sink base reached a steady state at the temperature of 78°C with 10W power input,
104.7°C with 15W power input and 125.3°C with 20W power input for Run Al.
Whereas for run A2, steady state temperature of the heat sink base was at 78.5 °C for
10W power input, 106.7 °C with 15W power input and 127.9°C with 20W power input.
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Run A3 reached steady state at the temperature of 77.6°C with 10W power input, 104.8°C
with 15W power input and 119.9°C with 20 W power input. Finally Run A4 has a heat
sink base steady state temperature of 81.8°C with 10W power input, 104.4°C with 15W
power input and 128.6°C with 20W power input. Temperature of the heat sink base at
the interface reached a steady state after 1 hour and took a longer time to reach steady
state when the power was increased to 20W. The results show that the heat 10SS (P 1oss)
was in a range of 0.6 — 0.7% of the power input. The power loss for Run Al, A2 and
A3 increased from 0.07 W to 0.12 W which differed by 0.05W. The power loss for
Run A4 increased from 0.07W to 0.13W which has a difference of 0.06W.

5.2 Seebeck coefficient (ate)

The Seebeck coefficient of TE module (ot) at temperature differences across
TE (Tm) were calculated based on all of nine runs. Based on Equation (27), the results
were plotted as shown in Figure 12. The average Seebeck coefficient of thermoelectric
(ore) calculated were 0.047V/°C, 0.051V/°C and 0.044V/°C when TE modules were
HT8#1, #2 and #3 respectively.

Based on Figure 12, Seebeck coefficient of thermoelectric (ot 1) has a minimal
positive trend with increase of mean temperature of the TE (Tm). HT8 module#2 too
demonstrated a similar trend as the previous. However HT8 module#3 TE (o 3) has a
deviation in trend, and demonstrated an irregular change as temperature increases. The
differences between runs at same input power (Pen) could also be caused by external
factors such as measurement error, difference in ambient temperature, fluctuating

power supply and irregularities in the TE modules itself.
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5.3 Thermal conductance, Kie

The thermal conductivity of TE (K¢) against mean temperature of TE (Tm)
were plotted in Figure 12 and calculated based on Equation (30). The average thermal
conductivity of thermoelectric (Kt) measured were 0.77W/°C, 1.02W/°C and 0.8W/°C
when at TE module of HT8 module #1, #2 and #3 respectively.

For all three measurement obtained for the thermal conductivity (Kt) of the
three different TE modules, no obvious trends could be seen as the temperature
increases. For TE module HT8#1, an average thermo conductivity of 0.77W/°C
ranging from 0.75W/°C to 0.78W/°C. Whereas HT8#2 has an average of 1.01W/°C
ranging from 1.00W/°C to 1.04W/°C. Finally, HT8#3 offered an average reading of
0.85W/°C with a range of 0.82W/°C till 0.87W/°C. This deviation of reading is related
to other factors such as measurement error, different ambient temperature, fluctuated

power supply and TE modules itself caused different.

5.4 Internal resistance (Rt)

The internal resistance of TE (R¢) were obtained using the equation as shown
in Equation (35). The average internal resistance of TE HT8#2(Rte) obtained were 2.85
+0.17Q, 3.15 + 0.14Q and 3.32 + 0.19Q when electrical heating element powers were
5W, 7.5W and 10W respectively.

Figure 13 shows the resistance of TE against the mean temperature. Those
three TE modules showed similar trend whereby the internal resistance of TE (Rt)
increases with increasing temperature difference (ATt) and mean temperature (Tm) at
various electrical powers of 5W, 7.5W and 10W respectively. The load resistance (RL)
used in the experiment were 1.08Q2, 2.14Q, 3.20Q2, 4.28Q2, 5.36Q2, 6.42Q and 7.48Q in
Run B1, B2 and B3. A total nine resistors as load resistance (Rr) used in Run B4 to
Run B9 were 1.08Q, 2.14Q, 3.24Q, 4.28Q), 5.36Q, 6.42Q, 7.48Q2, 8.64Q2 and 9.72Q.
HT8#1 had the highest value of the internal resistance of TE (Rt), as compared with
HT8#2 and HT8#3. The values were found to be around 4.53Q, 4.53Q and 5.29 Q at
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different power input of 5W, 7.5W and 10W. By comparing HT8#2 and HT8#3, the
internal resistance of TE (Rt) were about difference of 0.07Q, 0.02Q and 0.14Q

electrical heating element powers were 5W, 7.5W and 10W respectively.

5.5 Power generated, PL

The power load of TE, P was calculated based on Equation (21). Figure 14 to
Figure 17 show the experimental power output against resistance. The power generated

by TE (PL) increased as the amount of resistor increased.

Figure 14 is a representation of the power generated by the TE module HT8#1
against its load resistance for 3 different power input values of 4.8W, 7.6W and 10.4W.
For all three power settings, a general trend could be seen as a general polynomial
where it peaks then gradually decreases. Run Bl of 4.8W starts off with a power
generated of 0.0025W peaking at 0.0044W with 4.28Q which then drops off to a low
of 0.0042W. Run B2 of 7.6W starts off with a power generated of 0.0062W peaking
at 0.0103W with 4.28Q which then drops off to a low of 0.0098W. Finally, Run B3 of
10.4W starts off with a power generated of 0.0089W peaking at 0.018W with 6.42Q
which then drops off to a low of 0.017W. Both Run B1 and B2 peaked at a same
resistance of 4.28Q, but B3 differed from the trend and peaked at 6.42Q. By comparing
all the three modules at same 5W power input, HT8#2 has the highest power load of
0.0062W, 0.0087W, 0.0101W, 0.0103W, 0.0101W, 0.0099W and 0.0098W when load
resistor of TE (Rr) were 1.08Q, 2.14Q, 3.24Q, 4.28Q, 5.36Q, 6.42Q, 7.48Q), 8.64Q
and 9.72Q. Based on the graphs plotted, the peak point of the power load mostly
located between third and fourth resistor except Run B3 which located at seventh
resistor. Polynomial lines of three degree were used as the regression closed to one.
Theory stated that the maximum power load is produced when load resistor (RL) is
equal to the internal resistance of TE (Rt). The values from the experimental results
were higher than the values that provided by manufacturer. This might be due to the

assumption of ideal condition being used.
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5.6 TEC cooling

The experimental result was described in section 4.3. The objective of the
experiment was to characterize the TE module in heat pump mode. Table 3 shows a
summary of the experimental result and coefficients of performance (COPc) were

calculated based on the experimental data by using Equation (43).

Figure 27 to Figure 35 shown the change in temperature, current and voltage
against time for 5W, 7.5W and 10W power input respectively. Three TE voltage
settings were used for all three power input, which were 4V, 6V and 8V in Run C1,
C2 and C3 while 2V, 4V and 6V in Run C4 to C9. The current were recorded at the
end of each voltage interval. A comparison of the three graphs shows that under air
cooled heat sink, the TE could only perform as an effective heat pump at a maximum

of 10.4W power input to the electrical heater with 2V voltage input.

Figure 36 to Figure 44 were the changes in temperature of each part of the TE
set up for 5W, 7.5W and 10W powers setting respectively. The different lines show
the different voltage input to the TE and the changes of temperature were found. The
effectiveness of the TE at different power input was explained from these graphs.
Figure 36, Figure 37, Figure 38, Figure 41 and Figure 44 shows the desired results as
Ts was larger than T, but Figure 39, Figure 40, Figure 42 and Figure 43 did not
produce the desired shape as Ts was larger than Tc. The TE might be able to operate

at higher power input to the electric heating element if used a powerful heat sink.

Figure 45, Figure 46, and Figure 47 shows the power of TE (P«) and the
coefficient of performance (COPc) against current in the TE. The power to the TE
against the current and the effect of current to the coefficient of performance was also
shown in the graph. The coefficient of performance shows the capability of TE cooling.
Table 3 shows the experimental values used to obtain the coefficient of performance.
The coefficient of performance (COPc) for Run C3 decreased from 2.8 to 0.6 with an
approximate difference of 2.2 where the voltage input to TE increased from 3.81V to
8.07V. For Run C6, the coefficient of performance (COPc) similar to Run C3 which
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decreases from 6.9 to 1.0 while the voltage input to TE increased from 2.01V to 6.03V.
The voltage input to TE increased from 2.04 V to 6.04 V causes the coefficient of
performance (COPc) to decrease from 6.0 to 0.9 in Run C9. By comparing the three
runs with same power input, Run C6 which was used the HT8#2 obtained the highest
coefficient of performance value among the others. As seen from the graphs, as more
power is supplied into the TE, the COP will reduce.
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CHAPTER 6

SUGGESTIONS FOR FURTHER STUDIES

The following are some recommendations for further studies:

e Use a more stable power supply to the heating element.

e Conduct the experiment runs where the ambient temperature must be control.

e A more efficient heat sink is needed to maintain the temperature at a desired
level.

e Future research in application for simultaneous heating and cooling.

e Replace heating element with an actual LED for LED cooling application in

future research.
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CHAPTER 7

CONCLUSIONS

In order to fix the thermal fin heat sink resistance to the experimental results,
the natural heat transfer coefficient for natural convection air cooling of the fin heat
sink was about 12 W/m?2K. This given a thermal resistance for the fin heat sink to be
equal to 5.6 + 0.6 K/W. The following Seebeck coefficient (ate), thermal conductivity

(Kt) and internal resistance (Rt) for the three TE modules were determined:

Module ae(VIPC)  Ke(W/°C)  Re(Q)

1 0.048 0.78 5.29+0.42
2 0.052 1.00 3.32+0.19
3 0.043 0.87 3.17 +0.12

Maximum power generated varied from 0.0180W to 0.0214W at 10W power input at
about 3.5Q load resistance. Maximum COPc obtained by TE module HT8#2 was 6.9,
2.0 and 1.0 at 10 W power input with 2 V, 4 V and 6 V voltage input respectively.
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NOMENCLATURE

Coefficient of performance
Current under TE module [A]

Current under load [A]

Thermal conductance of TE [W/°C]

Input power to electric heating element [W]
Power generated by TE [W]

Power supplied to TE module [W]

Heat transfer rate on cold side of TEG [W]
Heat transfer rate on hot side of TEG [W]
Load resistance [Q]

reference resistor [Q]

resistance of TE module [Q]

Ambient temperature [°C]

temperature of cold side TE module [°C]
mean temperature of base of heat sink or hot side TE module [°C]
temperature of heating element [°C]

temperature difference between hot and cold sides of TE module [°C]

Voltage across TE module [V]
induced voltage under load condition [V]
induced voltage under no load condition [V]

Seebeck coefficient [V/°C]
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APPENDICES
TABLE 1 EXPERIMENTAL RESULTS TO DETERMINE THE THERMAL RESISTANCE OF FIN HEAT SINK.
e Run# Pen Ta Tinsm Tn T Tes Tra Ts Rfip Ploss loss % 100%
W) | (°C) | (°C) | (C) | (C) | (°C) | (°C) (°C) (KW) | (W) £H i
Eq. (14)
Al 10.0 | 195 | 21.2 77.9 78.1 77.5 78.6 78.0+0.5 5.9 0.07 0.70
146 | 209 | 225 104.6 | 1049 | 1044 | 104.9 104.7+0.3 5.6 0.10 0.67
19.7 | 20.1 | 23.1 1249 | 125.7 | 1244 | 126.3 125.3+0.9 5.3 0.12 0.60
A2 100 | 196 | 21.1 78.5 78.7 78.0 78.7 78.5+0.4 5.9 0.07 0.70
149 | 205 | 22.0 106.7 | 107.1 | 106.1 | 107.0 106.7+0.5 5.7 0.10 0.67
0.79 199 | 199 | 227 128.0 | 1285 | 127.0 | 128.2 127.9+0.8 5.4 0.12 0.60
' A3 10.0 | 185 | 20.8 7.7 77.3 77.1 78.1 77.6+0.5 5.9 0.07 0.70
149 | 19.7 | 21.6 105.2 | 1045 | 104.2 | 1054 104.8+0.6 5.7 0.10 0.67
200 | 19.7 | 225 120.6 | 1194 | 119.1 | 120.5 119.9+0.8 5.0 0.12 0.60
A4 10.1 | 19.2 | 21.0 81.4 81.7 815 82.5 81.8+0.5 6.3 0.07 0.70
148 | 19.9 | 221 103.8 | 1044 | 104.2 | 105.2 104.4+0.7 5.6 0.10 0.67
20.0 | 205 | 22.7 129.1 | 1285 | 127.8 | 128.9 128.6+0.6 5.4 0.13 0.65
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Run HT8 P RL Vet I \1 Ta Tins Ts T Tim Tm ATte Rie Rte,ave Olte Kte PL

# [module W) | @) | V) | (A | M [(CC)[(CC)|(C)[(CC)| (C) |(°C)|(C)| @ () (VI°C) | (WI°C) | (W)

Bl 1 4.8 0 - - 0.290 | 22.5 | 24.2 | 58.7 | 58.2 | 52.14.2 | 55.1 | 6.2 - 0.047 0.78 -
1.08 | 0.052 | 0.048 | 0.052 | 23.1 | 24.7 | 57.6 | 57.2 | 52.240.2 | 54.7 | 5.0 | 4.94 - - 0.0025
2.14 |1 0.044 | 0.041 | 0.092 | 23.2 | 24.7 | 58.3 | 57.8 | 52.540.2 | 55.2 | 5.3 | 4.61 - - 0.0037
3.20 | 0.038 | 0.035 | 0.121 | 22.8 | 24.4 | 58.6 | 58.2 | 52.840.2 | 55.5 | 5.4 | 4.47 4524041 - - 0.0043
4.28 | 0.031 | 0.029 | 0.152 | 23.4 | 24.8 | 58.8 | 58.4 | 52.94).2 | 556 | 55 [ 3.89 | - - 0.0044
5.36 | 0.028 | 0.026 | 0.163 | 23.0 | 24.7 | 59.4 | 589 | 53.4#0.2 | 56.2 | 5.5 | 4.12 - - 0.0043
6.42 | 0.028 | 0.025 | 0.164 | 23.0 | 24.7 | 59.4 | 58.9 | 53.4#0.2 | 56.2 | 5.5 | 4.66 - - 0.0042
7.48 | 0.027 | 0.024 | 0.174 | 22.9 | 24.7 | 59.6 | 59.2 | 53.540.2 | 56.4 | 5.7 | 4.99 - - 0.0042

B2 |1 7.6 0 - - 0.469 | 223 | 240 | 76.2 | 755 | 65.54).2 | 705 | 10.1 | - 0.047 0.75 -
1.08 | 0.081 | 0.075 | 0.082 | 22.3 | 24.0 | 74.6 | 73.8 | 65.840.2 | 69.8 | 8.0 | 5.10 - - 0.0062
2.14 |1 0.068 | 0.063 | 0.138 | 22.1 | 23.9 | 745 | 73.8 | 65.740.3 | 69.7 | 8.1 | 5.13 - - 0.0087
3.20 | 0.059 | 0.055 | 0.184 | 22.1 | 239 | 74.7 | 74.0 | 65.640.2 | 69.8 | 8.5 | 4.96 507+0.13 - - 0.0101
428 | 0.052 | 0.048 | 0.213 | 223 | 239 | 749 | 743 | 65.740.3 | 700 | 86 | 514 |~ - - 0.0103
5.36 | 0.046 | 0.043 | 0.238 | 22.1 | 24.0 | 74.9 | 74.2 | 65.640.2 | 69.9 | 8.6 | 5.20 - - 0.0101
6.42 | 0.041 | 0.038 | 0.260 | 21.9 | 23.8 | 75.6 | 74.9 | 66.340.2 | 70.6 | 8.7 | 5.16 - - 0.0099
7.48 | 0.037 | 0.034 | 0.285 | 21.9 | 23.8 | 76.2 | 755 | 66.640.2 | 71.1 | 8.9 | 4.83 - - 0.0098

B3 |1 104 0 - - 0.636 | 24.4 | 259 | 96.3 | 95.3 | 82.0#).3 | 88.6 | 13.3 | - 0.048 0.78 -
1.08 | 0.098 | 0.091 | 0.098 | 25.5 | 27.3 | 959 | 94.8 | 84.440.2 | 89.6 | 10.5 | 5.93 - - 0.0089
2.14 | 0.084 | 0.078 | 0.173 | 24.9 | 26.5 | 95.3 | 94.2 | 83.3#0.2 | 88.7 | 11.0 | 5.73 - - 0.0135
3.20 | 0.071 | 0.066 | 0.239 | 25.3 | 26.9 | 96.2 | 95.1 | 83.940.3 | 89.5 | 11.2 | 5.32 5.9040.42 - - 0.0157
428 | 0.060 | 0.056 | 0.292 | 25.1 | 26.7 | 945 | 935 | 82.14.2 | 878 | 114 | 504 | ~" - - 0.0162
5.36 | 0.058 | 0.054 | 0.328 | 23.9 | 26.0 | 95.3 | 94.2 | 82.140.2 | 88.2 | 12.1 | 5.03 - - 0.0176
6.42 | 0.053 | 0.049 | 0.366 | 24.1 | 26.0 | 96.5 | 95.4 | 83.040.3 | 89.2 | 12.4 | 4.74 - - 0.0180
7.48 | 0.048 | 0.045 | 0.374 | 23.9 | 25.9 | 95.9 | 94.8 | 82.640.3 | 88.6 | 12.3 | 5.24 - - 0.0170
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Run HT8 P RL Vref |L VL Ta Tins Ts Tc Tfm Tm ATte Rte Rte,ave Olte Kte PL
# |module | (w) | (@ | (V) | (A | (V) [(O)[(C)|(C)|(C)| (O |(O) |0 (@ Q) (VI°C) | (WIPC) | (W)
B4 2 5.2 0.00 - - 0.260 20.0 20.8 51.8 50.9 45.740.0 48.3 5.2 - 0.050 1.00 -
1.08 0.068 0.063 0.068 19.5 20.2 50.7 50.0 46.240.1 48.1 3.8 3.05 - - 0.0043
2.16 0.054 0.050 0.108 19.2 19.9 50.6 499 45.840.0 47.8 4.1 3.04 - - 0.0054
3.24 0.045 0.042 0.135 18.8 19.8 50.8 50.1 45.840.0 479 4.4 3.00 - - 0.0056
4.32 0.039 0.036 0.155 19.2 20.2 50.9 50.2 45.740.1 479 4.5 2.93 2 8540 17 - - 0.0056
5.40 0.034 0.031 0.169 19.0 20.0 51.1 50.4 45.740.0 48.1 4.7 291 ' ' - - 0.0053
6.48 0.031 0.029 0.186 18.9 19.7 51.4 50.7 45.940.1 48.3 4.8 2.58 - - 0.0053
7.56 0.026 0.024 0.187 20.9 211 52.1 51.3 46.740.1 49.0 4.6 2.95 - - 0.0045
8.64 0.024 0.022 0.198 19.6 20.4 52.2 51.4 46.610.1 49.0 4.8 2.71 - - 0.0044
9.72 0.023 0.021 0.207 20.3 20.4 525 51.7 46.840.1 49.3 4.9 2.49 - - 0.0044
B5 2 7.6 0.00 - - 0.375 19.4 20.9 64.0 63.1 55.84).1 59.5 7.3 - 0.051 1.04 -
1.08 0.095 0.088 0.095 21.0 215 62.7 61.9 56.740.1 59.3 5.2 3.18 - - 0.0084
2.16 0.075 0.069 0.150 19.8 20.9 63.5 62.7 57.040.1 59.9 5.7 3.24 - - 0.0104
3.24 0.062 0.057 0.186 21.8 221 63.8 63.1 57.24.1 60.2 5.9 3.29 - - 0.0107
432 0.054 0.050 0.216 19.9 21.1 63.8 63.0 56.840.1 59.9 6.2 3.18 31540 14 - - 0.0108
5.40 0.048 0.044 0.236 20.2 21.3 63.8 63.0 56.740.1 59.9 6.3 3.18 ' ’ - - 0.0105
6.48 0.042 0.039 0.252 19.9 21.3 64.0 63.2 56.840.1 60.0 6.4 3.16 - - 0.0098
7.56 0.038 0.035 0.266 18.9 20.6 63.6 62.8 56.240.1 59.5 6.6 3.10 - - 0.0094
8.64 0.035 0.032 0.278 18.9 20.6 63.4 62.6 56.040.2 59.3 6.7 3.01 - - 0.0090
9.72 0.032 0.030 0.286 18.6 20.3 63.7 62.9 56.240.1 59.6 6.7 3.02 - - 0.0085
B6 2 10.0 0.00 - - 0.525 20.9 21.0 78.5 77.0 67.040.1 72.0 10.1 - 0.052 1.00 -
1.08 0.122 0.113 0.122 21.3 21.6 771 75.7 68.740.1 72.2 7.0 3.57 - - 0.0138
2.16 0.100 0.093 0.201 21.8 22.3 775 76.3 68.740.1 725 7.6 3.48 - - 0.0186
3.24 0.088 0.081 0.263 20.9 21.0 77.4 76.1 67.84).1 72.0 8.3 3.23 - - 0.0214
4.32 0.075 0.069 0.302 20.3 20.7 78.4 77.0 68.3#).1 72.7 8.7 3.19 3.3240.19 - - 0.0210
5.40 0.066 0.061 0.328 21.6 221 78.8 77.4 68.840.1 73.1 8.6 3.24 ' ’ - - 0.0200
6.48 0.058 0.054 0.347 20.3 20.7 78.7 77.3 68.440.1 72.8 8.9 3.32 - - 0.0186
7.56 0.052 0.048 0.364 19.3 20.7 78.4 77.1 68.240.1 72.6 8.9 3.34 - - 0.0175
8.64 0.047 0.044 0.381 20.2 21.6 79.5 78.0 69.040.1 73.5 9.0 3.27 - - 0.0166
9.72 0.044 0.041 0.394 19.8 20.9 79.4 78.1 68.84).1 734 9.3 3.23 - - 0.0161
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Run HT8 P RL Vet I Vo Ta Tins Ts T Tim Tm ATte Ree Rte,ave Olte Kte PL
# | module | ow) | (@) | (V) | (A | M |(CC)|(C)|(C) | (CC)| (°C) | (CO)[(C)| (@) | (@) | (VIFC) | (WIC) | (W)
BY 3 51 | 0 ] - 0252 | 190 | 234 | 529 | 524 | 466401 | 495 | 58 - 0.043 0.87 -
108 | 0066 | 0061 | 0066 | 189 | 236 | 51.8 | 513 | 47.040.1 | 491 | 43 | 3.04 - - 0.0040
216 | 0.052 | 0.048 | 0.105 | 193 | 240 | 51.7 | 51.3 | 46.8400 | 490 | 46 | 3.02 - - 0.0051
324 | 0043 | 0040 | 0130 | 188 | 236 | 51.7 | 514 | 466401 | 490 | 48 | 3.04 - - 0.0052
432 | 0087 | 0.034 | 047 | 192 [ 242 | 522 | 518 | 46.940.1 | 493 | 49 [309 | .o, .00s - - 0.0050
540 | 0.033 | 0031 | 0.166 | 188 | 236 | 527 | 526 | 47.3#0.1 | 500 | 53 | 2.80 v - - 0.0051
648 | 0029 | 0027 | 0176 | 184 | 233 | 525 | 504 | 470401 | 497 | 54 | 2.80 - - 0.0047
756 | 0026 | 0024 | 0185 | 188 | 236 | 525 | 526 | 47.7#01 | 502 | 49 | 2.74 - - 0.0045
864 | 0023 | 0021 | 0188 | 184 | 234 | 525 | 524 | 474404 | 499 | 50 | 2.04 - - 0.0040
972 | 0021 | 0019 | 0195 | 194 | 238 | 525 | 524 | 47.7404 | 500 | 47 | 2.84 - - 0.0038
B8 3 75 | 0 - - 0415 | 204 | 210 | 668 | 664 | 57.340.2 | 61.8 | 9.2 } 0.045 0.82 -
1.08 | 0105 | 0097 | 0105 | 205 | 209 | 656 | 652 | 58.040.3 | 616 | 7.3 | 3.19 - - 0.0102
216 | 0084 | 0078 | 0167 | 206 | 20.7 | 656 | 651 | 57.6403 | 613 | 7.6 | 3.21 - - 0.0130
324 | 0068 | 0063 | 0215 | 205 | 204 | 655 | 652 | 573403 | 613 | 7.9 | 3.01 - - 0.0135
432 | 0059 | 0055 | 0236 | 208 | 21.1 | 659 | 654 | 576403 | 615 | 7.9 | 3.28 - - 0.0129
540 | 0.052 | 0048 | 026 | 205 | 201 | 659 | 655 | 573303 | 614 | 82 | 322 | 17007 - - 0.0125
648 | 0046 | 0043 | 0276 | 207 | 21.0 | 663 | 659 | 57.8403 | 618 | 81 | 3.26 - - 0.0118
756 | 0042 | 0.039 | 0296 | 206 | 206 | 659 | 655 | 571403 | 613 | 84 | 3.04 - - 0.0115
864 | 0.038 | 0.035 | 0.303 | 206 | 21.3 | 659 | 655 | 571403 | 613 | 85 | 3.19 - - 0.0107
972 | 0034 | 0031 | 0313 | 21.0 | 220 | 669 | g5 | 580403 | 623 | 86 | 317 - - 0.0099
B9 3 103 | 0 - - 0511 | 204 | 214 | 788 | 787 | 669401 | 728 | 118 | - 0.043 0.87 -
108 | 0125 | 0116 | 0125 | 200 | 21.4 | 766 | 765 | 675400 | 720 | 91 | 3.34 ; ; 0.0145
216 | 0.100 | 0093 | 0201 | 199 | 21.3 | 770 | 769 | 67.3400 | 721 | 9.7 | 3.33 - - 0.0186
324 | 0083 | 0077 | 0250 | 197 | 21 | 773 | 772 | 670401 | 721 | 102 | 3.38 - - 0.0192
432 | 0.074 | 0.069 | 0.296 | 199 | 216 | 787 | 786 | 68.00.1 | 733 | 106 [ 314 | . ..., ; - 0.0203
540 | 0.064 | 0059 | 0321 | 203 | 222 | 79.7 | 795 | 689401 | 742 | 106 | 3.20 S - - 0.0190
648 | 0057 | 0.053 | 0.344 | 206 | 224 | 80.0 | 79.8 | 69.1400 | 744 | 108 | 3.15 - - 0.0182
756 | 0.051 | 0.047 | 0363 | 209 | 22.7 | 80.7 | 805 | 695401 | 750 | 11.0 | 3.08 ; ; 0.0171
864 | 0047 | 0044 | 0379 | 208 | 22.3 | 804 | 803 | 692401 | 747 | 11.2 | 3.01 - - 0.0165
972 | 0043 | 0040 | 0392 | 204 | 21.8 | 80.0 | 80.0 | 68.7%0.1 | 744 | 11.3 | 2.95 - - 0.0156
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Table 3 Summary results of TEC.

84

HT8

Pen

Vie

lte

Pte

2Pte

Ta

Tins

Ts

Te

Tim

ATt

Tm

RUNE ] modite | W) | v | & | wm | w | co | co | co | e o) ) co | O
4.05 0.80 3.2 8.3 22.8 24.4 61.1 60.6 72.440.3 11.8 66.5 1.6
C1 1 51 6.10 1.37 8.4 13.5 26.2 27.2 78.6 78.0 102.240.4 24.2 90.1 0.6
8.01 1.79 14.3 19.4 25.0 26.7 94.4 93.9 127.240.5 33.3 110.6 0.4
4.03 0.86 3.5 10.8 23.4 249 75.8 75.0 86.140).3 11.1 80.5 2.1
Cc2 1 7.3 6.03 1.41 8.5 15.8 24.2 26.1 86.9 86.2 109.340.3 23.1 97.7 0.9
8.03 1.88 15.1 22.4 23.7 26.0 106.0 105.2 137.140.5 31.9 121.1 0.5
3.81 0.94 3.6 13.6 24.8 26.4 89.1 88.1 97.240.3 9.1 92.6 2.8
C3 1 10.0 6.03 1.46 8.8 18.8 25.0 26.7 102.1 101.1 122.640.4 215 1119 1.1
8.07 1.95 15.7 25.7 25.2 26.9 119.7 118.7 149.340.6 30.8 134.0 0.6
1.97 0.77 1.5 6.5 19.9 22.4 47.3 46.9 57.540.1 10.6 52.2 3.3
C4 2 5.0 3.98 1.40 5.6 10.6 18.7 21.1 52.7 52.5 75.140.2 22.6 63.8 09
6.09 1.95 11.9 16.9 18.9 211 66.7 66.5 101.440.4 349 84.0 0.4
1.99 0.77 1.54 9.0 19.8 21.9 59.6 58.3 66.840.1 8.5 62.6 49
C5 2 7.5 412 1.44 5.93 13.4 18.4 21.1 62.9 62.8 85.34).1 225 74.1 1.3
6.14 1.97 12.08 195 20.1 224 78.2 78.3 111.440.1 33.1 94.9 0.7
2.01 0.75 1.5 11.9 18.8 19.6 69.5 68.5 74.54.1 6.0 82.8 6.9
C6 2 10.4 4.02 1.31 5.3 15.7 20.7 21.0 77.0 76.1 94.240.1 18.1 99.4 2.0
6.03 1.82 11.0 21.4 21.8 21.8 86.8 86.5 115.140.3 28.6 117.9 1.0
2.09 0.81 1.7 6.8 19.5 21.8 47.3 47.3 58.240.2 10.9 52.7 3.0
Cc7 3 5.1 4.08 1.43 5.8 10.9 20.1 22.8 55.5 55.6 78.740.3 23.1 67.1 0.9
6.07 1.95 11.8 16.9 19.7 23.3 69.7 70.0 103.740.4 33.7 86.8 0.4
2.06 0.81 1.7 9.3 19.2 22.2 57.0 57.1 65.840.2 8.7 61.5 4.6
C8 3 7.6 411 1.43 59 13.5 19.0 23.8 64.1 64.2 85.940.1 21.7 75.0 1.3
6.12 1.96 12.0 19.6 18.8 24.0 77.9 78.2 110.040.2 31.8 94.1 0.6
2.04 0.81 1.6 11.6 20.3 21.2 70.5 70.2 76.440.4 6.1 73.3 6.0
C9 3 10.0 4.00 1.38 5.5 15.5 19.3 21.3 76.8 76.4 94.34).6 17.9 85.4 1.8
6.04 1.92 11.6 21.6 18.9 21.3 88.9 88.7 116.740.8 28.0 102.7 0.9
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TABLE 4 RAW DATA FOR EXPERIMENTAL RUN Al.
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Time(Min) Power(P) Ta(°C) Tins(°C) Tn(°C) Tr(°C) Ti(°C) Tu(°C) Tm(°C)
0 10 18.6 19.6 19.6 19.6 19.6 19.7 19.6
10 10 18.8 19.9 47.7 47.9 47.6 48.3 47.9
20 10 18.9 19.9 61.8 62.0 61.6 62.3 61.9
30 10 19.5 19.9 67.9 68.1 67.7 68.6 68.1
40 10 19.3 20.0 715 71.8 71.3 72.2 71.7
50 10 20.0 20.2 73.8 74.0 73.6 74.5 74.0
60 10 20.0 20.4 75.0 75.2 74.9 75.7 75.2
70 10 19.7 20.5 75.8 76.1 75.7 76.5 76.0
80 10 19.4 20.7 76.7 77.0 76.4 774 76.9
90 10 19.9 20.9 77.1 77.3 76.9 7.7 77.3
100 10 19.9 21.0 7.7 779 775 78.3 779
110 10 20.2 21.1 7.7 78.0 71.5 78.5 77.9
120 10 19.5 21.2 779 78.1 775 78.6 78.0
130 15 19.3 21.4 89.7 90.0 89.5 90.6 90.0
140 15 19.6 21.6 95.7 95.9 95.3 95.7 95.7
150 15 19.7 21.6 98.7 99.0 98.3 98.9 98.7
160 15 19.8 21.8 100.2 100.5 99.9 100.5 100.3
170 15 20.1 21.8 101.6 101.9 101.4 101.9 101.7
180 15 20.4 21.9 101.3 101.6 101.0 101.4 101.3
190 15 19.9 22.1 102.2 102.4 101.7 102.1 102.1
200 15 20.2 22.3 102.7 102.9 102.3 102.9 102.7
210 15 20.2 22.5 104.0 104.3 103.6 104.0 104.0
220 15 20.0 22.5 104.6 104.8 104.1 104.6 104.5
230 15 20.9 22.5 104.6 104.9 104.4 104.9 104.7
240 20 20.1 22.5 105.0 105.3 104.6 105.1 105.0
250 20 19.3 22.7 1154 115.8 114.6 116.3 1155
260 20 20.3 22.6 119.8 120.6 119.4 121.1 120.2
270 20 19.8 22.6 122.2 122.9 121.8 123.5 122.6
280 20 20.4 22.7 123.1 123.8 122.6 124.5 123.5
290 20 21.0 22.8 123.6 124.4 123.4 125.2 124.2
300 20 20.9 22.8 123.7 124.6 123.5 125.4 124.3
310 20 19.7 23.0 124.8 125.5 124.1 126.2 125.2
320 20 21.0 23.0 124.5 125.3 124.0 125.9 124.9
330 20 19.8 22.9 124.3 125.0 123.6 125.6 124.6
340 20 19.7 23.0 124.1 124.9 123.4 125.4 124.5
350 20 20.0 23.1 125.0 125.7 124.3 126.3 125.3
360 20 20.1 23.1 124.9 125.7 124.4 126.3 125.3
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TABLE 5 RAW DATA FOR EXPERIMENTAL RUN AZ2.
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Time(Min) Power(P) Ta(°C) Tins(°C) Tr(°C) Tr(°C) Tr(°C) Tu(°C) Tm(°C)

0 10 19.8 20.6 20.5 20.5 20.5 20.6 20.5
10 10 19.1 20.9 46.7 46.8 46.6 47.9 47.0
20 10 19.1 20.7 60.6 60.8 60.6 62.0 61.0
30 10 19.3 20.5 67.2 67.4 67.1 68.6 67.6
40 10 19.2 20.5 70.9 71.0 70.8 72.2 71.2
50 10 185 20.6 72.3 72.4 72.0 73.7 72.6
60 10 19.0 20.7 73.7 73.8 73.6 75.2 74.1
70 10 19.1 20.7 74.4 74.6 74.3 75.8 74.8
80 10 19.0 20.8 4.7 74.9 74.5 76.1 75.1
90 10 19.4 20.9 75.1 75.3 75.1 76.6 75.5
100 10 19.4 21.0 75.5 75.8 75.6 77.1 76.0
110 10 19.4 21.1 77.9 77.6 76.8 78.0 77.6
120 10 19.6 21.1 78.5 78.7 78.0 78.7 78.5
130 15 19.7 21.2 86.4 86.7 85.8 86.5 86.4
140 15 20.2 21.3 95.7 96.0 95.1 96.0 95.7
150 15 19.1 21.3 100.3 100.6 99.5 100.3 100.2
160 15 19.4 215 103.1 103.4 102.4 103.2 103.0
170 15 20.3 21.6 104.6 104.9 103.9 104.8 104.6
180 15 19.9 21.8 105.8 106.1 104.9 105.8 105.7
190 15 20.1 22.0 106.2 106.6 105.2 106.3 106.1
200 15 20.1 22.2 106.2 106.5 105.2 106.4 106.1
210 15 20.1 22.1 106.5 107.0 105.8 106.8 106.5
220 15 21.0 21.9 106.6 106.9 106.0 106.9 106.6
230 15 20.5 22.0 106.7 107.1 106.1 107.0 106.7
240 20 20.2 22.0 106.4 106.8 105.6 106.5 106.3
250 20 19.4 22.2 110.8 111.2 109.9 110.8 110.7
260 20 20.2 22.1 118.2 118.6 117.1 118.3 118.1
270 20 21.0 22.2 120.8 121.4 120.1 121.2 120.9
280 20 20.8 22.3 122.5 123.0 121.7 122.8 122.5
290 20 20.7 22.3 123.5 123.9 122.4 123.7 123.4
300 20 20.0 22.3 124.2 124.6 123.0 124.3 124.0
310 20 21.0 22.5 124.4 124.9 123.8 124.9 124.5
320 20 21.4 22.8 124.9 125.3 123.9 125.0 124.8
330 20 20.0 22.7 124.6 124.9 123.6 124.6 124.4
340 20 19.5 22.7 126.4 126.8 125.2 126.6 126.3
350 20 19.9 22.6 127.7 128.2 126.7 127.8 127.6
360 20 19.9 22.7 128.0 128.5 127.0 128.2 127.9
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TABLE 6 RAW DATA FOR EXPERIMENTAL RUN A3.

87

Time(Min) Power(P) Ta(°C) Tins(°C) Tru(°C) Tr(°C) T13(°C) Tw(°C) Tim(°C)

0 10 19.7 20.8 22.7 22.7 22.7 22.8 22.7
10 10 19.3 20.6 48.0 48.1 48.1 49.0 48.3
20 10 19.2 20.7 62.6 62.2 62.0 63.2 62.5
30 10 19.2 20.5 69.2 68.8 68.6 69.7 69.1
40 10 19.8 20.5 72.6 72.3 72.1 73.2 72.6
50 10 19.1 20.6 74.6 74.2 74.0 75.1 74.5
60 10 19.4 20.5 75.7 75.3 75.1 76.2 75.6
70 10 18.9 20.5 76.4 76.0 75.8 76.9 76.3
80 10 19.7 20.7 76.9 76.6 76.4 775 76.9
90 10 18.8 20.8 77.4 77.0 76.8 77.9 77.3
100 10 19.3 20.7 717.7 77.3 77.1 78.1 77.6
110 10 19.1 20.7 77.9 77.5 77.3 78.4 77.8
120 10 18.5 20.8 7.7 77.3 77.1 78.1 77.6
130 15 19.1 20.8 83.1 82.4 82.1 83.5 82.8
140 15 18.8 20.8 93.0 92.3 91.9 93.3 92.6
150 15 19.0 20.9 96.8 96.1 95.8 97.1 96.5
160 15 18.7 21.0 98.5 97.9 97.6 98.8 98.2
170 15 18.8 21.0 99.7 99.1 98.8 100.0 99.4
180 15 19.1 21.1 101.1 100.3 100.1 101.3 100.7
190 15 18.7 21.3 101.8 101.0 100.7 101.9 101.4
200 15 19.2 21.3 103.0 102.3 102.0 103.2 102.6
210 15 18.7 21.3 103.7 103.0 102.7 103.9 103.3
220 15 19.4 21.6 104.5 103.7 103.5 104.6 104.1
230 15 19.7 21.6 105.2 104.5 104.2 105.4 104.8
240 20 19.2 219 105.7 104.9 104.6 105.8 105.3
250 20 21.3 23.1 107.1 106.3 105.9 107.2 106.6
260 20 22.4 24.4 117.8 116.9 116.6 117.9 117.3
270 20 20.6 23.4 121.4 120.4 120.1 121.4 120.8
280 20 20.9 23.1 122.4 1215 121.1 122.6 121.9
290 20 20.2 229 121.9 120.9 120.7 122.1 121.4
300 20 18.8 22.4 117.4 116.0 1159 117.4 116.7
310 20 20.8 229 121.3 120.3 120.0 121.3 120.7
320 20 19.2 22.8 120.4 118.7 118.9 120.5 119.6
330 20 19.4 22.7 122.2 121.1 120.7 122.1 1215
340 20 18.8 22.5 117.7 116.5 116.2 117.7 117.0
350 20 19.7 22.6 120.4 119.4 119.0 120.4 119.8
360 20 19.7 225 120.6 119.4 119.1 120.5 119.9
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TABLE 7 Raw DATA FOR EXPERIMENTAL RUN A4.
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Time(Min) Power(P) Ta(°C) Tins(°C) Tru(°C) Tr(°C) T13(°C) Tw(°C) Tim(°C)
0 10 18.9 19.4 19.0 19.0 19.0 19.1 19.0
10 10 18.5 19.7 45.3 455 45.3 46.5 45.7
20 10 19.1 19.7 60.1 60.4 60.2 61.3 60.5
30 10 18.6 19.6 67.7 68.1 67.8 68.9 68.1
40 10 18.4 19.8 72.2 725 72.3 73.3 72.6
50 10 19.3 20.0 74.9 75.2 75.0 76.0 75.3
60 10 18.9 20.1 76.8 77.1 76.9 779 77.2
70 10 18.7 20.4 78.1 78.4 78.1 79.0 78.4
80 10 19.6 20.5 78.9 79.3 79.0 80.0 79.3
90 10 18.8 20.7 79.8 80.1 79.9 80.8 80.2
100 10 19.7 20.8 80.4 80.7 80.6 81.5 80.8
110 10 19.4 21.0 81.0 81.3 81.1 82.1 81.4
120 10 19.2 21.0 81.4 81.7 815 82.5 81.8
130 15 20.5 21.2 93.3 93.8 93.6 94.7 93.9
140 15 19.9 214 97.1 975 97.2 98.3 97.5
150 15 20.2 21.4 98.8 99.3 98.9 100.1 99.3
160 15 20.6 21.6 99.7 100.2 99.9 100.9 100.2
170 15 20.9 21.8 98.2 98.7 98.5 99.6 98.8
180 15 19.8 21.9 99.5 100.0 99.7 100.8 100.0
190 15 18.8 21.7 97.3 97.7 97.8 99.0 98.0
200 15 20.6 21.9 100.3 100.8 100.7 101.8 100.9
210 15 19.9 219 102.4 103.0 102.7 103.8 103.0
220 15 20.1 21.9 103.4 104.0 103.9 104.9 104.1
230 15 19.9 22.1 103.8 104.4 104.2 105.2 104.4
240 20 19.7 22.2 104.0 104.0 104.7 104.4 104.3
250 20 20.9 22.3 116.1 116.8 116.6 117.9 116.9
260 20 20.7 22.2 123.1 123.8 1235 124.8 123.8
270 20 20.4 22.3 128.0 127.6 126.7 128.0 127.6
280 20 19.9 225 130.7 130.3 129.3 130.7 130.3
290 20 19.8 225 131.1 130.8 130.0 131.4 130.8
300 20 20.6 22.6 133.4 132.9 132.1 133.4 133.0
310 20 219 22.7 131.3 130.6 129.8 131.1 130.7
320 20 20.9 22.7 130.5 129.9 129.0 130.3 129.9
330 20 20.9 22.6 129.3 128.8 127.9 129.1 128.8
340 20 19.9 22.8 128.7 128.1 127.2 128.4 128.1
350 20 19.7 22.7 128.4 128.0 127.0 128.3 127.9
360 20 20.5 22.7 129.1 128.5 127.8 128.9 128.6
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TABLE 8 RAw DATA FOR EXPERIMENTAL RUN B1
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Time(Min) | Power(P) T(°C) T(°C) Ta(°C) Tins(°C) Tu(°C) Tr(°C) Ti(°C) Ti(°C) Tim(°C) Vier (V) Vie(V)

0 5.2 23.1 23.1 21.9 22.6 23.0 23.0 23.0 23.1 23.0 0.000 0.000
10 5.2 38.6 38.2 22.0 22.7 33.2 33.2 33.2 33.3 33.2 0.232 0.232
20 5.2 45.9 455 21.9 22.8 40.2 40.2 40.2 40.4 40.3 0.243 0.243
30 5.2 50.1 49.7 21.9 22.8 44.1 44.0 44.1 44.3 44.1 0.255 0.255
40 5.2 52.6 52.2 21.9 23.0 46.4 46.3 46.5 46.6 46.5 0.264 0.264
50 5.2 54.3 53.9 21.9 23.1 47.8 47.8 47.9 48.0 47.9 0.274 0.274
60 5.2 55.5 55.1 21.9 23.1 49.0 48.9 49.0 49.2 49.0 0.277 0.277
70 5.2 56.3 55.9 21.9 23.1 49.7 49.7 49.8 49.9 49.8 0.281 0.281
80 5.2 56.9 56.5 21.9 23.2 50.3 50.2 50.3 50.5 50.3 0.284 0.284
90 5.2 57.4 57.0 21.9 23.3 50.7 50.7 50.8 50.9 50.8 0.289 0.289
100 5.2 57.7 57.3 21.7 23.3 51.0 50.9 51.1 51.2 51.1 0.290 0.290
110 5.2 58.0 57.6 21.9 23.3 51.2 51.2 51.3 514 51.3 0.290 0.290
120 5.2 58.1 57.6 21.9 23.5 51.3 51.2 51.4 515 514 0.291 0.291
130 5.2 58.3 57.8 21.9 23.5 51.5 51.4 51.6 51.7 51.6 0.291 0.291
140 5.2 58.4 58.0 22.1 23.6 51.6 51.6 51.7 51.8 51.7 0.292 0.292
150 5.2 58.4 58.0 22.1 23.7 51.7 51.7 51.8 51.9 51.8 0.290 0.290
160 5.2 58.5 58.1 22.3 23.8 51.7 51.7 51.8 51.9 51.8 0.293 0.293
170 5.2 58.8 58.4 22.4 23.9 51.9 51.9 52.0 52.2 52.0 0.296 0.296
180 5.2 58.9 58.5 22.2 23.9 52.0 52.0 52.1 52.2 52.1 0.297 0.297
190 5.2 59.0 58.6 22.1 23.9 52.1 52.0 52.2 52.3 52.2 0.299 0.299
200 5.2 59.1 58.6 22.4 24.0 52.1 52.1 52.2 52.4 52.2 0.299 0.299
210 5.2 58.8 58.4 224 23.9 52.1 52.0 52.2 52.3 52.2 0.289 0.289
220 5.2 58.7 58.3 22.4 24.1 52.1 52.0 52.1 52.3 52.1 0.289 0.289
230 5.2 58.7 58.2 22.5 24.2 52.0 51.9 52.1 52.2 52.1 0.290 0.290
240 5.2 57.6 57.1 23.0 24.5 52.1 52.0 52.2 52.3 52.2 0.052 0.052
250 5.2 57.6 57.2 23.1 24.5 52.2 52.1 52.2 52.4 52.2 0.051 0.051
260 5.2 57.6 57.2 23.1 24.7 52.1 52.1 52.2 52.4 52.2 0.052 0.052
270 5.2 57.9 57.5 23.6 24.7 52.2 52.2 52.3 52.5 52.3 0.043 0.090
280 5.2 58.3 57.8 23.2 24.7 52.4 52.4 52.5 52.7 52.5 0.044 0.092
290 5.2 58.4 57.9 22.7 24.4 52.6 52.5 52.6 52.8 52.6 0.038 0.120
300 5.2 58.6 58.2 22.8 24.4 52.8 52.7 52.8 53.0 52.8 0.038 0.121
310 5.2 58.9 58.4 23.1 24.8 52.8 52.8 52.9 53.0 52.9 0.031 0.153
320 5.2 58.8 58.4 23.4 24.8 52.8 52.8 52.9 53.0 52.9 0.031 0.152
330 5.2 59.1 58.6 23.6 25.1 53.1 53.0 53.1 53.2 53.1 0.028 0.164
340 5.2 59.3 58.9 23.0 24.7 53.3 53.2 53.4 53.5 53.4 0.028 0.163
350 5.2 59.5 59.1 22.9 24.7 53.4 53.3 53.5 53.6 53.5 0.026 0.163
360 5.2 59.4 58.9 23.0 24.7 53.4 53.3 53.4 53.6 53.4 0.028 0.164
370 5.2 59.5 59.1 23.4 24.8 53.5 53.4 53.6 53.6 53.5 0.027 0.174
380 5.2 59.6 59.2 22.9 24.7 53.6 53.6 53.7 53.8 53.7 0.027 0.174
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TABLE 9 RAW DATA FOR EXPERIMENTAL RUN B2
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Time(Min) | Power(P) | Ts(°C) | Te(°C) | Ta(°C) | Tins(°C) | Tn(°C) | Te(°C) | Tu(°C) | Tu(°C) | Tm(°C) | Vrer(V) | Vie(V)
0 7.6 230 | 229 | 219 | 226 | 229 | 229 | 229 | 230 | 229 | 0.000 | 0.00
10 7.6 464 | 458 | 220 | 228 | 382 | 381 | 382 | 383 | 382 | 0350 | 0.350
20 7.6 571 | 56.6 | 222 | 230 | 485 | 484 | 485 | 487 | 485 | 0370 | 0370
30 7.6 628 | 622 | 222 | 231 | 540 | 539 | 541 | 542 | 541 | 0387 | 0.387
40 7.6 66.7 | 66 | 219 | 231 | 575 | 574 | 575 | 577 | 575 | 0408 | 0.408
50 7.6 690 | 684 | 218 | 231 | 594 | 593 | 595 | 596 | 595 | 0423 | 0.423
60 7.6 704 | 698 | 218 | 231 | 607 | 606 | 608 | 609 | 60.8 | 0427 | 0.427
70 7.6 715 | 708 | 218 | 232 | 615 | 614 | 616 | 617 | 616 | 0437 | 0437
80 7.6 725 | 718 | 218 | 232 | 625 | 624 | 625 | 627 | 625 | 0440 | 0.440
90 7.6 730 | 723 | 219 | 233 | 629 | 629 | 630 | 632 | 630 | 0439 | 0.439

100 7.6 735 | 728 | 219 | 234 | 632 | 632 | 633 | 635 | 633 | 0447 | 0.447
110 7.6 738 | 731 | 218 | 233 | 637 | 636 | 637 | 639 | 637 | 0444 | 0.444
120 7.6 742 | 735 | 218 | 234 | 639 | 638 | 640 | 642 | 640 | 0451 | 0451
130 7.6 743 | 736 | 220 | 235 | 639 | 638 | 640 | 641 | 640 | 0452 | 0.452
140 7.6 744 | 737 | 218 | 235 | 640 | 639 | 641 | 642 | 641 | 0453 | 0.453
150 7.6 749 | 742 | 217 | 236 | 645 | 643 | 645 | 647 | 645 | 0455 | 0.455
160 7.6 749 | 742 | 219 | 236 | 644 | 643 | 645 | 646 | 645 | 0457 | 0457
170 7.6 752 | 745 | 221 | 236 | 647 | 646 | 648 | 650 | 648 | 0458 | 0.458
180 7.6 757 | 749 | 220 | 237 | 650 | 649 | 651 | 653 | 651 | 0462 | 0.462
190 7.6 760 | 752 | 220 | 238 | 654 | 653 | 654 | 656 | 654 | 0460 | 0.460
200 7.6 764 | 756 | 221 | 238 | 657 | 656 | 658 | 659 | 658 | 0465 | 0.465
210 7.6 764 | 757 | 220 | 238 | €57 | 656 | 658 | 660 | 658 | 0465 | 0.465
220 7.6 766 | 758 | 221 | 238 | 658 | 656 | 658 | 660 | 658 | 0471 | 0.471
230 7.6 765 | 757 | 221 | 238 | 657 | 656 | 658 | 659 | 658 | 0.469 | 0.469
240 7.6 762 | 755 | 223 | 240 | 654 | 653 | 655 | 656 | 655 | 0.469 | 0.469
250 7.6 746 | 738 | 220 | 239 | 657 | 657 | 658 | 660 | 658 | 0.080 | 0.082
260 7.6 746 | 738 | 223 | 240 | 657 | 657 | 659 | 660 | 658 | 0.081 | 0.082
270 7.6 748 | 740 | 223 | 240 | 658 | 657 | 658 | 660 | 658 | 0.068 | 0.139
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Time(Min) | Power(P) | Ts(°C) | Tc(°C) | Ta(®C) | Tins(°C) | Tr(°C) | Tr(°C) | T1(°C) | Tw(°C) | Tim(°C) | Vrer (V) | Vie(V)
280 7.6 4.7 74.0 22.1 23.9 65.8 65.6 65.8 66.0 65.8 0.068 0.138
290 7.6 74.5 73.8 22.1 23.9 65.6 65.5 65.7 65.9 65.7 0.068 0.138
300 7.6 4.7 73.9 22.3 24.0 65.5 65.4 65.6 65.8 65.6 0.058 0.182
310 7.6 74.8 74.0 22.0 23.9 65.6 65.5 65.6 65.8 65.6 0.059 0.184
320 7.6 4.7 74.0 22.1 23.9 65.5 65.4 65.6 65.7 65.6 0.059 0.184
330 7.6 4.7 74.0 22.2 23.9 65.3 65.2 65.4 65.5 65.4 0.053 0.215
340 7.6 75.0 74.3 21.9 23.8 65.8 65.7 65.9 66.0 65.9 0.052 0.212
350 7.6 74.9 74.3 22.3 23.9 65.6 65.5 65.7 65.9 65.7 0.052 0.213
360 7.6 74.9 74.2 22.5 24.2 65.5 65.4 65.5 65.7 65.5 0.046 0.241
370 7.6 4.7 74.0 22.3 24.1 65.2 65.2 65.3 65.5 65.3 0.046 0.240
380 7.6 74.9 74.2 22.1 24.0 65.6 65.4 65.6 65.8 65.6 0.046 0.238
390 7.6 75.4 74.7 21.8 23.8 65.9 65.9 66.0 66.1 66.0 0.041 0.262
400 7.6 75.5 74.8 21.8 23.7 66.0 65.9 66.1 66.2 66.1 0.041 0.262
410 7.6 75.6 74.9 21.9 23.8 66.2 66.1 66.3 66.4 66.3 0.041 0.260
420 7.6 75.8 75.1 22.1 23.8 66.3 66.2 66.3 66.5 66.3 0.036 0.281
430 7.6 75.9 75.2 21.9 23.8 66.3 66.2 66.4 66.6 66.4 0.036 0.282
440 7.6 76.2 75.5 21.9 23.8 66.6 66.5 66.6 66.8 66.6 0.037 0.285
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TABLE 10 Raw DATA FOR EXPERIMENTAL RUN B3
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Time(Min) | Power(P) | T(°C) | Te(°C) | Ta(°C) | Tins(°C) | T(°C) | Te(°C) | Tu(°C) | Tu(°C) | Tm(°C) | Vrer (V) | Vie(V)
0 10.1 25.1 25.1 24.0 24.4 25.1 25.0 25.0 25.1 251 | 0000 | 0.000
10 10.1 55.9 55.2 24.0 245 45.0 447 448 45.0 449 | 0469 | 0469
20 10.1 70.9 70.0 24.0 24.6 59.3 59.1 59.2 59.4 593 | 0509 | 0509
30 10.1 785 77.6 24.0 24.7 66.3 66.0 66.2 66.3 66.2 | 0533 | 0533
40 10.1 82.9 82.0 23.9 24.8 70.2 69.8 70.0 70.2 701 | 0555 | 0555
50 10.1 85.9 85.0 23.9 24.8 729 725 72.7 73.0 728 | 0569 | 0569
60 10.1 87.8 86.9 24.0 24.9 74.6 74.2 745 74.7 745 | 0582 | 0582
70 10.1 89.2 88.3 23.8 24.9 75.9 75.6 75.8 76.0 758 | 0588 | 0588
80 10.1 90.3 89.3 23.8 24.9 76.9 76.5 76.7 77.0 768 | 0593 | 0593
90 10.1 911 90.2 23.7 25.0 776 77.2 774 77.7 775 | 0598 | 0598

100 10.1 915 90.6 23.7 25.1 779 775 77.7 77.9 778 | 0606 | 0606
110 10.1 923 913 23.7 25.1 785 78.1 78.4 78.6 784 | 0610 | 0610
120 10.1 929 91.9 23.8 25.2 79.2 78.8 79.0 79.3 791 | 0607 | 0607
130 10.1 93.0 92.1 23.8 25.2 793 78.9 79.1 79.4 792 | 0612 | 0612
140 10.1 931 92.1 23.8 253 79.2 78.9 79.1 79.3 791 | 0615 | 0615
150 10.1 92.9 92.0 23.8 25.4 79.3 78.9 79.2 79.4 792 | 0605 | 0605
160 10.1 945 935 24.0 25.4 80.3 79.9 80.2 80.4 802 | 0634 | 0634
170 10.1 95.2 94.1 24.2 25.6 80.9 80.5 80.8 8L.0 80.8 | 0637 | 0637
180 10.1 95.6 94.6 23.8 255 813 80.8 81.1 813 811 | 0641 | 0641
190 10.1 95.9 94.8 23.8 255 814 810 81.2 815 813 | 0645 | 0645
200 10.1 96.0 95.0 23.7 255 817 814 815 817 816 | 0641 | 0641
210 10.1 96.6 95.5 23.9 255 82.2 81.9 82.1 823 821 | 0640 | 0640
220 10.1 9.7 95.7 23.9 25.6 825 82.1 82.3 82.5 824 | 0639 | 0639
230 10.1 96.8 95.7 24.2 25.7 82.5 82.1 82.3 82.6 824 | 0637 | 0637
240 10.1 96.4 95.3 24.2 25.7 82.2 81.8 82.0 82.2 821 | 0635 | 0635
250 10.1 96.4 95.3 24.2 25.8 82.2 817 82.0 82.2 820 | 0636 | 0636
260 10.1 9.3 95.3 24.4 25.9 82.1 8L7 81.9 82.2 820 | 0636 | 0636
270 10.1 94.8 93.8 25.1 26.7 83.2 82.7 83.0 83.2 830 | 0100 | 0101
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Time(Min) | Power(P) | Ts(°C) | T¢(°C) | Ta(°C) | Tins(°C) | Tr(°C) | Tr(°C) | T1(°C) | Tw(°C) | Tm(°C) | Vref (V) | Vie(V)
280 10.1 95.2 94.2 254 26.9 83.8 83.4 83.7 83.9 83.7 0.098 0.099
290 10.1 95.9 94.8 25.5 27.3 84.5 84.1 84.3 84.5 84.4 0.097 0.098
300 10.1 96.0 95.0 26.0 27.4 84.7 84.3 84.5 84.7 84.6 0.096 0.097
310 10.1 97.3 96.3 26.1 27.6 85.5 85.1 85.3 85.6 85.4 0.083 0.171
320 10.1 96.7 95.6 26.2 27.8 85.0 84.7 84.9 85.0 84.9 0.083 0.170
330 10.1 96.4 95.3 26.4 27.9 84.8 84.4 84.6 84.7 84.6 0.082 0.170
340 10.1 95.7 94.7 25.5 27.0 84.0 83.6 83.8 84.0 83.9 0.083 0.172
350 10.1 95.3 94.2 24.9 26.5 83.4 83.0 83.2 83.4 83.3 0.084 0.173
360 10.1 96.1 95.0 25.9 26.9 84.0 83.6 83.9 84.1 83.9 0.071 0.238
370 10.1 96.2 95.1 25.3 26.9 84.0 83.6 83.9 84.1 83.9 0.071 0.239
380 10.1 95.8 94.7 25.0 26.7 83.4 83.0 83.2 83.5 83.3 0.071 0.241
390 10.1 95.4 94.3 24.7 26.6 82.8 82.5 82.7 82.9 82.7 0.061 0.294
400 10.1 95.3 94.2 24.5 26.3 82.7 82.4 82.7 82.9 82.7 0.061 0.294
410 10.1 94.9 93.8 24.2 26.2 82.3 82.0 82.2 82.4 82.2 0.061 0.294
420 10.1 94.3 93.2 24.3 26.2 81.7 81.4 81.6 81.9 81.7 0.061 0.294
430 10.1 94.5 935 25.1 26.7 82.2 81.9 82.1 82.3 82.1 0.060 0.292
440 10.1 94.5 934 24.1 26.3 81.8 815 81.7 81.9 81.7 0.055 0.326
450 10.1 94.1 93.0 24.1 26.2 81.6 81.3 815 81.7 815 0.056 0.315
460 10.1 94.5 934 24.2 26.2 81.4 81.1 814 81.6 814 0.058 0.327
470 10.1 95.3 94.2 23.9 26.0 82.2 81.9 82.1 82.3 82.1 0.058 0.328
480 10.1 96.0 94.9 24.1 26.1 82.6 82.4 82.6 82.8 82.6 0.053 0.364
490 10.1 96.5 954 24.1 26.0 83.0 82.7 83.0 83.2 83.0 0.053 0.366
500 10.1 96.7 95.6 24.1 26.0 83.3 83.0 83.3 83.5 83.3 0.053 0.365
510 10.1 97.4 96.3 24.1 26.0 83.6 83.5 83.7 83.9 83.7 0.051 0.387
520 10.1 96.2 95.2 24.0 26.1 83.0 82.9 83.1 83.3 83.1 0.048 0.370
530 10.1 95.7 94.6 24.1 26.0 82.5 82.4 82.6 82.9 82.6 0.048 0.367
540 10.1 95.9 94.8 23.9 25.9 82.6 82.4 82.6 82.8 82.6 0.048 0.374
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TABLE 11 RAW DATA FOR EXPERIMENTAL RUN B4

94

Time(Min) [ Power(P) | Ts(°C) | Te(°C) | Ta(°C) | Tins(°C) | Ta(°C) | Te(°C) | Tw(°C) | Tw(°C) | Tm(°C) | Vrer(V) | Vi(V)
0 5.2 22.7 226 21.0 215 216 216 216 21.7 216 | 0.000 | 0.000
10 5.2 36.8 36.2 203 212 317 316 316 318 317 | 0225 | 0.225
20 5.2 42.9 42.1 205 21.1 376 375 375 376 376 | 0232 | 0232
30 5.2 46.3 454 20.4 211 40.8 40.7 40.7 40.8 408 | 0240 | 0.240
40 5.2 48.8 479 20.6 21.2 42.9 42.9 42.9 43.0 429 | 0247 | 0247
50 52 50.1 49.2 206 211 44.3 44.3 443 444 443 | 0253 | 0.253
60 5.2 50.7 498 20.7 211 44.9 44.8 44.9 45.0 449 | 0253 | 0.253
70 5.2 51.2 50.3 208 21.2 454 453 453 454 454 | 0253 | 0.253
80 5.2 516 50.7 208 212 458 45.7 457 458 458 | 0254 | 0.254
90 5.2 51.7 50.9 20.7 21.2 45.9 458 4538 45.9 459 | 0258 | 0.258

100 5.2 51.8 51.0 206 211 46.0 46.0 46.0 46.1 460 | 0260 | 0.260
110 5.2 51.8 51.0 20.4 20.9 46.0 45.9 459 46.0 460 | 0260 | 0.260
120 5.2 51.8 50.9 20.0 208 45.7 45.7 457 45.7 457 | 0260 | 0.260
125 5.2 50.6 49.9 19.8 205 46.1 46.0 46.0 46.1 461 | 0.069 | 0.069
130 5.2 50.7 49.9 19.6 20.4 46.1 46.1 46.1 46.2 461 | 0.068 | 0.068
135 5.2 50.7 50.0 194 20.2 46.2 46.1 46.1 46.2 462 | 0068 | 0.068
140 5.2 50.7 50.0 195 20.2 46.2 46.1 46.2 46.2 462 | 0.068 | 0.068
145 5.2 50.9 50.1 19.7 203 46.1 46.0 46.0 46.1 461 | 0054 | 0.108
150 5.2 50.8 50.0 19.1 20.1 459 4538 459 459 459 | 0054 | 0.108
155 5.2 50.7 49.9 19.3 20.0 45.9 458 4538 45.9 459 | 0054 | 0.108
160 5.2 50.6 49.9 19.2 19.9 458 457 4538 4538 458 | 0054 | 0.108
165 5.2 50.6 49.8 19.2 19.9 455 455 455 456 455 | 0045 | 0.135
170 5.2 50.7 50.0 18.8 19.8 45.7 456 457 45.7 457 | 0045 | 0.135
175 5.2 50.8 50.1 18.8 19.8 45.7 45.7 457 458 457 | 0045 | 0.135
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Time(Min) [ Power(P) | Ts(°C) | T«(°C) | Ta(°C) | Tins(°C) | Tu(°C) | Tr(°C) | Tr(°C) | Tu(°C) | Tm(°C) | Vrer (V) | Vi(V)
180 5.2 50.8 50.1 188 19.8 45.8 45.7 45.7 45.8 458 | 0.045 | 0.135
185 5.2 50.9 50.2 189 19.8 45.7 45.6 45.6 45.7 457 | 0.039 | 0.156
190 5.2 50.9 50.2 19.1 20.1 45.7 45.6 45.6 45.7 457 | 0.039 | 0.156
195 5.2 50.9 50.2 19.3 20.2 45.7 45.6 45.6 45.7 457 | 0.039 | 0.155
200 5.2 50.9 50.2 19.2 20.2 45.7 45.7 45.6 45.7 457 | 0.039 | 0.155
205 5.2 51.1 50.3 196 205 45.8 45.7 45.7 45.8 458 | 0.034 | 0.169
210 5.2 51.2 50.4 195 206 45.8 45.7 45.7 45.8 458 | 0034 | 0.169
215 5.2 51.1 50.3 19.3 203 45.7 45.7 45.7 45.8 457 | 0.034 | 0.169
220 52 51.1 50.4 19.0 20.0 45.7 45.7 45.7 45.7 457 | 0.034 | 0.169
225 5.2 51.3 505 189 19.9 45.7 45.6 45.6 45.7 457 | 0.031 | 0.188
230 52 515 50.7 19.0 19.8 45.8 45.8 453 45.9 458 | 0.031 | 0.188
235 5.2 51.7 50.9 19.0 19.7 46.0 46.0 46.0 46.1 460 | 0031 | 0.186
240 52 51.4 50.7 189 19.7 45.9 45.9 45.9 46.0 459 | 0031 | 0.186
245 52 51.6 50.8 194 20.0 46.0 46.0 46.0 46.1 460 | 0.027 | 0.189
250 5.2 51.7 51.0 19.9 20.4 46.2 46.2 46.2 46.3 462 | 0.027 | 0.189
255 5.2 51.8 51.1 20.1 206 46.4 46.3 46.4 46.4 464 | 0.026 | 0.187
260 5.2 52.1 51.3 20.9 211 46.7 46.6 46.7 46.8 46.7 | 0.026 | 0.187
265 5.2 52.3 515 20.1 21.2 46.8 46.7 46.7 46.8 46.8 | 0.024 | 0.198
270 5.2 52.3 515 19.9 211 46.8 46.7 46.7 46.8 468 | 0.024 | 0.198
275 5.2 52.3 515 19.8 20.9 46.7 46.7 46.7 46.8 46.7 | 0.024 | 0.198
280 5.2 52.2 51.4 196 20.4 46.6 46.6 46.6 46.7 466 | 0.024 | 0.198
285 5.2 52.2 51.4 19.3 20.0 46.5 46.4 465 465 465 | 0.023 | 0.207
290 5.2 52.2 515 19.3 20.0 46.5 46.5 465 46.6 465 | 0.023 | 0207
295 5.2 52.4 51.6 19.6 20.1 46.6 46.6 46.6 46.6 466 | 0.023 | 0.207
300 52 525 51.7 20.3 20.4 46.8 46.7 46.8 46.9 46.8 | 0.023 | 0207
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TABLE 12 Raw DATA FOR EXPERIMENTAL RUN B5
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Time(Min) [ Power(P) | Ts(°C) | Te(°C) | Ta(°C) | Tins(°C) | Ta(°C) | Te(°C) | Tw(°C) | Tw(°C) | Tm(°C) | Vrer(V) | Vi(V)
0 75 215 216 21.1 22.0 215 215 217 217 216 | 0.000 | 0.000
10 75 43.2 425 225 22.9 36.6 365 36.8 36.9 367 | 0354 | 0.354
20 75 52.6 51.6 20.4 216 456 455 457 457 456 | 0.358 | 0.358
30 75 56.7 55.8 19.8 20.8 495 49.4 49.6 495 495 | 0367 | 0.367
40 75 59.7 58.8 2138 222 52.7 52.6 52.9 52.8 528 | 0.368 | 0.368
50 75 61.9 60.8 21.2 22.8 54.8 54.7 55.0 54.9 549 | 0369 | 0.369
60 75 62.5 615 19.4 21.4 55.2 55.1 55.4 55.2 552 | 0371 | 0371
70 75 63.3 62.3 20.4 212 55.3 55.2 55.4 55.3 553 | 0375 | 0.375
80 75 64.3 63.4 20.8 22.4 56.4 56.3 56.5 56.4 564 | 0375 | 0375
90 75 64.2 63.4 203 221 56.2 56.1 56.4 56.2 562 | 0375 | 0.375

100 75 64.2 63.3 19.9 21.4 56.1 56.0 56.2 56.1 561 | 0.375 | 0375
110 75 63.9 63.1 194 21.0 55.8 55.7 56.0 55.8 558 | 0375 | 0.375
120 75 64.0 63.1 194 20.9 55.8 55.7 55.9 55.8 558 | 0375 | 0.375
125 75 62.6 61.9 19.5 20.9 56.3 56.1 56.4 56.3 563 | 0.095 | 0.095
130 75 62.5 618 19.2 20.7 56.5 56.4 56.6 56.5 565 | 0.095 | 0.095
135 75 62.4 61.7 19.8 20.8 56.4 56.3 56.4 56.3 564 | 0.095 | 0.095
140 75 62.7 61.9 21.0 215 56.7 56.6 56.8 56.7 567 | 0.095 | 0.095
145 75 63.6 62.8 20.7 22.0 57.3 57.2 57.4 573 573 | 0076 | 0.151
150 75 63.7 62.9 19.9 213 57.3 57.2 57.4 573 573 | 0076 | 0.151
155 75 63.7 62.9 19.9 21.0 57.2 57.1 57.4 573 573 | 0.075 | 0.150
160 75 635 62.7 19.8 20.9 57.0 56.9 57.1 57.0 570 | 0.075 | 0.150
165 75 635 62.7 19.7 21.0 56.9 56.8 57.0 56.9 569 | 0063 | 0.187
170 75 63.4 62.6 19.4 20.9 56.7 56.6 56.8 56.7 567 | 0.063 | 0.186
175 75 63.3 62.6 19.7 20.9 56.6 56.5 56.7 56.6 566 | 0062 | 0.186
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Time(Min) | Power(P) | Ts(°C) | Tc¢(°C) | Ta(°C) | Tins(°C) | Tr(°C) | Tr(°C) | Tr(°C) | Tt(°C) | Tm(°C) | Vrer (V) | Vie(V)
180 1.5 63.8 63.1 21.8 22.1 57.2 57.1 57.3 57.2 57.2 0.062 0.186
185 7.5 64.1 63.3 21.2 22.3 57.3 57.2 57.4 57.3 57.3 0.054 0.217
190 7.5 64.0 63.2 20.6 21.8 57.1 57.0 57.3 57.2 57.2 0.054 0.216
195 1.5 63.9 63.2 20.1 214 57.0 56.8 57.0 56.9 56.9 0.054 0.216
200 7.5 63.8 63.0 19.9 21.1 56.8 56.7 56.9 56.8 56.8 0.054 0.216
205 7.5 63.8 63.1 19.7 211 56.6 56.5 56.7 56.6 56.6 0.048 0.238
210 7.5 63.8 63.0 19.5 21.2 56.6 56.5 56.8 56.7 56.7 0.048 0.237
215 7.5 63.7 62.9 19.5 21.2 56.6 56.5 56.7 56.6 56.6 0.048 0.236
220 7.5 63.8 63.0 20.2 21.3 56.7 56.6 56.8 56.7 56.7 0.048 0.236
225 7.5 63.9 63.1 21.1 21.8 56.5 56.4 56.7 56.6 56.6 0.042 0.254
230 7.5 64.1 63.3 21.2 22.2 57.0 56.9 57.1 57.0 57.0 0.042 0.252
235 7.5 64.1 63.3 20.4 21.6 56.9 56.8 57.0 56.9 56.9 0.042 0.252
240 7.5 64.0 63.2 19.9 21.3 56.8 56.7 56.9 56.8 56.8 0.042 0.252
245 7.5 63.9 63.1 19.6 21.2 56.6 56.6 56.8 56.7 56.7 0.038 0.267
250 7.5 63.8 63.1 19.2 20.9 56.5 56.5 56.7 56.6 56.6 0.038 0.267
255 7.5 63.6 62.9 19.3 20.8 56.3 56.2 56.4 56.3 56.3 0.038 0.266
260 7.5 63.6 62.8 18.9 20.6 56.2 56.1 56.3 56.2 56.2 0.038 0.266
265 7.5 63.6 62.9 19.1 20.6 56.1 56.1 56.3 56.1 56.2 0.035 0.278
270 7.5 63.4 62.7 18.9 20.6 56.0 55.9 56.1 56.0 56.0 0.035 0.278
275 7.5 63.3 62.6 19.0 20.6 56.0 55.9 56.1 56.0 56.0 0.035 0.278
280 7.5 63.4 62.6 18.9 20.6 55.9 55.8 56.1 56.0 56.0 0.035 0.278
285 7.5 63.8 63.0 18.9 20.6 56.2 56.2 56.4 56.3 56.3 0.032 0.286
290 7.5 63.7 62.9 18.8 20.5 56.2 56.1 56.3 56.2 56.2 0.032 0.286
295 7.5 63.7 62.9 18.7 20.3 56.1 56.1 56.3 56.2 56.2 0.032 0.286
300 7.5 63.7 62.9 18.6 20.3 56.2 56.1 56.3 56.2 56.2 0.032 0.286
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TABLE 13 RAw DATA FOR EXPERIMENTAL RUN B6
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Time(Min) [ Power(P) | Ts(°C) | Te(°C) | Ta(°C) | Tins(°C) | Ta(°C) | Te(°C) | Tw(°C) | Tw(°C) | Tm(°C) | Vrer(V) | Vi(V)
0 10 24.1 24.2 229 227 239 239 24.1 24.1 240 | 0030 | 0031
10 10 53.0 51.9 236 237 43.1 42.9 432 43.2 431 | 0446 | 0.446
20 10 65.2 63.7 235 2338 55.1 54.9 55.2 55.1 551 | 0475 | 0475
30 10 704 69.0 225 22.6 60.1 59.8 60.2 60.0 600 | 0.483 | 0.483
40 10 73.2 717 222 222 62.5 62.3 62.6 62.5 625 | 0.494 | 0494
50 10 75.2 737 22.9 23.0 64.4 64.2 64.5 64.4 644 | 0.497 | 0.497
60 10 76.8 75.2 22.9 23.2 65.9 65.6 66.0 65.8 658 | 0503 | 0503
70 10 773 758 22.0 221 66.2 65.9 66.2 66.1 66.1 | 0512 | 0512
80 10 775 76.0 216 218 66.2 66.0 66.3 66.1 662 | 0518 | 0518
90 10 784 76.9 212 215 67.0 66.8 67.1 67.0 670 | 0522 | 0522

100 10 785 77.0 20.9 21.2 67.0 66.8 67.1 67.0 670 | 0525 | 0525
110 10 785 77.0 20.9 212 67.0 66.8 67.1 67.0 670 | 0525 | 0525
120 10 785 77.0 20.9 21.0 67.0 66.8 67.1 66.9 670 | 0525 | 0525
125 10 774 75.9 222 227 68.9 68.6 68.8 68.8 688 | 0.122 | 0.122
130 10 78.0 76.4 223 2238 69.5 69.2 69.4 69.3 69.4 | 0122 | 0.122
135 10 772 758 213 217 68.9 68.6 68.8 68.7 688 | 0.121 | 0.122
140 10 771 75.7 213 216 68.8 68.5 68.8 68.6 687 | 0.122 | 0.122
145 10 76.7 755 215 21.4 67.9 67.8 68.0 67.8 679 | 0.100 | 0.201
150 10 76.9 756 218 218 68.1 67.9 68.2 68.0 68.1 | 0.00 | 0.201
155 10 776 76.3 22.0 225 68.8 68.7 68.9 68.7 688 | 0.100 | 0.201
160 10 775 763 218 223 68.7 68.6 68.8 68.6 68.7 | 0.00 | 0.201
165 10 771 75.7 20.4 20.7 67.5 67.3 675 67.2 67.4 | 0088 | 0.263
170 10 772 758 205 20.8 67.6 67.4 67.7 67.4 675 | 0.088 | 0.263
175 10 773 76.0 20.7 20.9 67.7 67.5 67.7 67.5 676 | 0088 | 0.263
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Time(Min) | Power(P) | Ts(°C) | Tc¢(°C) | Ta(°C) | Tins(°C) | Tr(°C) | Tr(°C) | Tr(°C) | Tt(°C) | Tm(°C) | Vrer (V) | Vie(V)
180 10 17.4 76.1 20.9 21.0 67.9 67.7 67.9 67.7 67.8 0.088 0.263
185 10 79.0 77.6 21.2 21.7 69.0 69.0 69.2 69.0 69.1 0.075 0.302
190 10 78.8 77.3 20.7 21.0 68.8 68.6 68.8 68.6 68.7 0.075 0.302
195 10 78.6 77.2 20.5 20.8 68.6 68.5 68.7 68.5 68.6 0.075 0.302
200 10 78.4 77.0 20.3 20.7 68.4 68.2 68.5 68.2 68.3 0.075 0.302
205 10 78.1 76.8 20.6 20.6 68.0 67.9 68.1 67.9 68.0 0.066 0.328
210 10 78.1 76.8 20.5 20.7 68.0 67.9 68.1 67.9 68.0 0.066 0.328
215 10 78.3 77.0 21.3 215 68.4 68.2 68.5 68.3 68.4 0.066 0.328
220 10 78.8 77.4 21.6 22.1 68.8 68.7 68.9 68.8 68.8 0.066 0.328
225 10 79.6 78.1 21.6 22.1 69.3 69.2 69.5 69.3 69.3 0.058 0.348
230 10 79.5 78.0 21.2 21.7 69.3 69.2 69.4 69.2 69.3 0.058 0.347
235 10 79.0 77.6 20.7 21.0 68.8 68.6 68.9 68.6 68.7 0.058 0.347
240 10 78.7 77.3 20.3 20.7 68.4 68.3 68.5 68.3 68.4 0.058 0.347
245 10 79.2 7.7 215 22.1 68.9 68.8 69.0 68.9 68.9 0.052 0.364
250 10 79.0 77.6 20.9 21.4 68.8 68.6 68.8 68.7 68.7 0.052 0.364
255 10 78.8 77.4 19.9 21.0 68.5 68.3 68.5 68.3 68.4 0.052 0.364
260 10 78.4 77.1 19.3 20.7 68.2 68.0 68.3 68.1 68.2 0.052 0.364
265 10 78.3 76.9 19.4 20.5 67.8 67.7 67.9 67.7 67.8 0.048 0.383
270 10 79.1 77.7 21.3 21.9 68.7 68.6 68.8 68.6 68.7 0.047 0.380
275 10 79.5 78.1 20.3 21.8 69.0 68.9 69.2 69.0 69.0 0.047 0.380
280 10 79.5 78.0 20.2 21.6 69.0 68.9 69.2 68.9 69.0 0.047 0.381
285 10 78.8 77.4 19.2 20.5 68.1 68.0 68.2 68.0 68.1 0.044 0.395
290 10 78.8 17.4 20.5 21.2 68.2 68.1 68.3 68.1 68.2 0.044 0.394
295 10 79.9 78.4 20.4 21.8 69.3 69.2 69.4 69.2 69.3 0.044 0.394
300 10 79.4 78.1 19.8 20.9 68.8 68.7 68.9 68.7 68.8 0.044 0.394
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TABLE 14 RAW DATA FOR EXPERIMENTAL RuUN B7
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Time(Min) [ Power(P) | Ts(°C) | Te(°C) | Ta(°C) | Tins(°C) | Ta(°C) | Te(°C) | Tw(°C) | Tw(°C) | Tm(°C) | Vrer(V) | Vi(V)
0 5.1 20.1 20.1 20.8 216 20.2 20.2 203 20.4 203 | 0.000 | 0.000
10 5.1 34.8 34.6 19.8 22.6 29.5 29.7 29.8 29.9 297 | 0215 | 0215
20 5.1 41.4 41.2 20.0 229 359 36.1 36.2 36.3 361 | 0223 | 0.223
30 5.1 455 45.4 20.6 227 40.0 40.2 403 40.4 402 | 0226 | 0.227
40 5.1 48.2 48.1 19.6 229 42.4 42.7 427 42.8 427 | 0236 | 0.237
50 5.1 49.3 49.2 18.7 223 43.3 435 436 43.7 435 | 0243 | 0.243
60 5.1 49.9 49.8 19.4 228 43.8 44.1 44.1 44.2 441 | 0247 | 0247
70 5.1 51.1 51.0 206 243 45.1 45.3 45.4 455 453 | 0246 | 0.246
80 5.1 51.9 51.4 19.2 23.2 45.3 455 456 45.7 455 | 0253 | 0.253
90 5.1 52.0 51.5 19.6 23.8 453 456 456 457 456 | 0255 | 0.255

100 5.1 52.3 51.7 19.8 237 455 45.8 459 46.0 458 | 0254 | 0.254
110 5.1 52.9 52.4 20.0 24.4 46.6 46.6 46.7 46.8 467 | 0253 | 0.253
120 5.1 52.9 52.4 19.0 234 46.5 46.6 46.6 46.7 466 | 0252 | 0.252
125 5.1 51.9 51.4 19.3 236 47.0 47.0 47.0 47.1 470 | 0066 | 0.066
130 5.1 52.2 51.7 19.2 23.9 473 474 474 474 474 | 0066 | 0.066
135 5.1 52.0 51.4 19.1 237 47.0 47.1 47.0 47.1 471 | 0066 | 0.066
140 5.1 51.8 51.3 18.9 236 46.9 47.0 46.9 47.0 470 | 0066 | 0.066
145 5.1 515 51.1 19.1 2338 46.4 465 465 46.6 465 | 0052 | 0.105
150 5.1 52.0 51.6 19.1 23.9 46.9 47.0 46.9 47.0 470 | 0052 | 0.105
155 5.1 51.9 515 18.9 237 46.8 46.9 46.9 47.0 469 | 0052 | 0.105
160 5.1 51.7 51.3 19.3 24.0 46.7 46.8 46.7 46.8 468 | 0052 | 0.105
165 5.1 51.9 51.6 19.1 23.9 46.7 46.8 46.8 46.9 468 | 0043 | 0.130
170 5.1 51.9 515 18.9 237 46.7 46.8 46.7 46.9 468 | 0043 | 0.130
175 5.1 51.8 515 18.7 237 46.6 46.7 46.7 46.8 467 | 0043 | 0.130
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Time(Min) | Power(P) | Ts(°C) | Tc¢(°C) | Ta(°C) | Tins(°C) | Tr(°C) | Tr(°C) | Tr(°C) | Tt(°C) | Tm(°C) | Vrer (V) | Vie(V)
180 51 51.7 51.4 18.8 23.6 46.5 46.6 46.5 46.7 46.6 0.043 0.130
185 51 51.9 51.5 19.2 24.1 46.5 46.6 46.6 46.7 46.6 0.037 0.147
190 5.1 52.2 51.8 19.6 24.4 46.8 46.9 46.9 47.0 46.9 0.037 0.146
195 5.1 52.2 51.9 194 24.3 46.8 46.9 46.9 47.0 46.9 0.037 0.147
200 5.1 52.2 51.8 19.2 24.2 46.8 46.9 46.9 46.9 46.9 0.037 0.147
205 5.1 52.4 52.1 19.1 24.0 46.8 46.9 46.9 46.9 46.9 0.033 0.166
210 5.1 52.7 52.3 18.9 23.9 47.0 47.1 47.1 47.2 471 0.033 0.166
215 5.1 52.8 52.5 18.9 23.8 47.2 47.4 47.3 47.4 47.3 0.033 0.166
220 5.1 52.7 52.6 18.8 23.6 47.2 47.3 47.3 47.4 47.3 0.033 0.166
225 5.1 52.9 52.8 18.7 23.6 47.3 47.4 47.4 475 47.4 0.029 0.178
230 51 52.9 52.8 18.5 23.5 47.3 47.4 474 475 47.4 0.029 0.178
235 5.1 52.5 52.4 18.5 23.4 47.0 47.1 47.0 47.2 471 0.029 0.176
240 51 52.5 52.4 18.4 23.3 46.9 47.0 47.0 47.1 47.0 0.029 0.176
245 5.1 52.4 52.3 18.6 23.4 46.7 46.9 46.8 46.9 46.8 0.026 0.187
250 5.1 52.5 52.4 194 23.8 46.9 47.0 46.9 47.0 47.0 0.026 0.185
255 51 52.8 52.7 194 23.6 47.2 47.3 47.3 47.4 47.3 0.026 0.185
260 5.1 52.5 52.6 18.8 23.6 47.6 47.8 a47.7 47.8 a47.7 0.026 0.185
265 51 52.3 52.4 18.7 23.5 47.7 47.9 47.8 47.9 47.8 0.023 0.188
270 5.1 52.5 52.4 18.5 23.4 47.9 47.2 47.2 47.3 47.4 0.023 0.188
275 5.1 52.4 52.3 18.5 23.3 47.9 47.2 47.2 47.3 47.4 0.023 0.188
280 51 52.5 52.4 18.4 23.4 47.9 47.2 47.1 47.3 47.4 0.023 0.188
285 5.1 52.8 52.7 18.6 23.8 48.0 47.3 47.2 47.4 475 0.021 0.195
290 51 52.5 52.6 194 23.3 48.1 47.3 47.3 47.4 475 0.021 0.195
295 51 52.9 52.8 194 23.4 48.1 47.3 47.3 47.4 475 0.021 0.194
300 51 52.5 52.4 194 23.8 48.2 475 47.4 47.6 47.7 0.021 0.195
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TABLE 15 Raw DATA FOR EXPERIMENTAL RUN B8
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Time(Min) [ Power(P) | Ts(°C) | Te(°C) | Ta(°C) | Tins(°C) | Ta(°C) | Te(°C) | Tw(°C) | Tw(°C) | Tm(°C) | Vrer(V) | Vi(V)
0 75 213 212 21.0 213 21.1 21.1 21.1 212 211 | 0.000 | 0.000
10 75 40.1 39.7 20.9 21.2 317 319 31.9 32.0 319 | 0341 | 0341
20 75 51.7 51.2 208 21.1 43.0 43.3 433 43.4 433 | 0354 | 0.354
30 75 575 57.0 20.8 21.0 48.4 48.8 487 48.8 487 | 0371 | 0371
40 75 60.6 60.2 208 21.0 516 51.9 51.9 52.1 519 | 0379 | 0.379
50 75 62.5 62.1 20.7 21.0 53.4 53.8 53.7 53.9 537 | 0.386 | 0.386
60 75 63.9 63.6 20.6 21.0 54.6 55.0 55.0 55.1 549 | 0397 | 0.397
70 75 64.6 64.2 20.4 20.9 55.3 55.7 55.6 55.7 556 | 0.403 | 0.403
80 75 65.0 64.6 205 21.0 55.6 56.0 55.9 56.1 559 | 0.406 | 0.406
90 75 65.6 65.2 20.5 21.0 56.0 56.4 56.3 56.5 563 | 0.408 | 0.408

100 75 65.9 65.5 205 21.0 56.4 56.7 56.6 56.8 566 | 0415 | 0.415
110 75 66.3 65.9 20.4 21.0 56.7 57.1 57.0 57.2 570 | 0415 | 0415
120 75 66.8 66.4 20.4 21.0 57.0 573 57.3 57.4 573 | 0415 | 0415
125 75 65.5 65.1 20.4 21.0 57.7 58.0 58.0 58.2 580 | 0.106 | 0.106
130 75 65.6 65.2 20.4 20.9 57.9 58.3 58.3 58.4 582 | 0.106 | 0.106
135 75 65.7 65.3 203 20.9 58.0 58.4 58.4 58.5 583 | 0.105 | 0.105
140 75 65.6 65.2 20.5 20.9 57.7 58.0 57.9 58.2 580 | 0.105 | 0.105
145 75 65.7 65.3 20.6 20.9 575 57.9 57.8 58.1 578 | 0084 | 0.168
150 75 65.6 65.2 20.6 20.8 57.4 57.8 57.7 57.9 577 | 0084 | 0.168
155 75 65.5 65.1 206 208 57.4 57.8 57.7 57.9 577 | 0084 | 0.167
160 75 65.6 65.1 20.6 20.7 57.3 57.6 575 57.8 576 | 0084 | 0.167
165 75 65.5 65.1 20.6 20.6 56.9 57.3 57.2 575 572 | 0069 | 0215
170 75 65.5 65.1 20.4 20.4 57.0 57.4 57.3 575 573 | 0068 | 0215
175 75 65.5 65.1 205 20.4 57.0 57.3 57.2 575 573 | 0068 | 0215
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Time(Min) | Power(P) | Ts(°C) | Tc¢(°C) | Ta(°C) | Tins(°C) | Tr(°C) | Tr(°C) | Tr(°C) | Tt(°C) | Tm(°C) | Vrer (V) | Vie(V)
180 1.5 65.5 65.2 20.5 204 57.0 57.4 57.3 57.5 57.3 0.068 0.215
185 1.5 65.5 65.1 20.5 20.9 57.0 57.3 57.3 57.5 57.3 0.059 0.237
190 7.5 65.7 65.2 20.7 21.4 57.2 57.5 57.5 57.7 57.5 0.059 0.236
195 7.5 65.9 65.5 20.8 211 57.5 57.8 57.8 58.0 57.8 0.059 0.236
200 7.5 65.9 65.4 20.8 21.1 57.3 57.6 57.5 57.8 57.6 0.059 0.236
205 1.5 65.7 65.3 20.5 20.9 56.9 57.3 57.2 57.4 57.2 0.052 0.261
210 7.5 66.0 65.6 20.7 21.4 57.2 57.6 57.5 57.7 57.5 0.052 0.261
215 7.5 66.0 65.6 20.6 20.6 57.2 57.5 57.5 57.7 57.5 0.052 0.260
220 7.5 65.9 65.5 20.5 20.1 57.0 57.4 57.3 57.5 57.3 0.052 0.260
225 7.5 65.9 65.4 20.3 19.9 56.8 57.3 57.2 57.3 57.2 0.046 0.278
230 7.5 65.7 65.3 20.3 19.9 56.6 57.2 57.0 57.2 57.0 0.046 0.278
235 7.5 66.0 65.6 20.5 20.4 57.0 57.5 57.4 57.6 57.4 0.046 0.276
240 7.5 66.3 65.9 20.7 21.0 57.4 57.9 57.8 58.0 57.8 0.046 0.276
245 7.5 65.8 65.4 20.0 20.2 56.5 57.0 56.9 57.1 56.9 0.042 0.296
250 7.5 65.8 65.4 20.0 20.2 56.5 57.0 56.8 57.1 56.9 0.042 0.296
255 7.5 65.8 65.4 20.3 20.8 56.6 57.0 57.0 57.2 57.0 0.042 0.296
260 7.5 65.9 65.5 20.6 20.6 56.7 57.2 57.1 57.4 57.1 0.042 0.296
265 7.5 66.0 65.7 20.6 20.6 56.8 57.2 57.2 57.4 57.2 0.038 0.305
270 7.5 65.9 65.5 20.2 20.5 56.7 57.1 57.0 57.3 57.0 0.038 0.305
275 7.5 65.6 65.3 20.1 20.4 56.4 56.8 56.8 57.0 56.8 0.038 0.304
280 7.5 65.9 65.5 20.6 21.3 56.7 57.1 57.1 57.3 57.1 0.038 0.303
285 7.5 66.7 66.4 20.8 21.1 57.5 57.9 57.9 58.1 57.9 0.034 0.313
290 7.5 66.7 66.3 20.4 20.6 57.5 57.9 57.9 58.0 57.8 0.034 0.313
295 7.5 66.8 66.4 20.7 21.2 57.5 57.9 57.9 58.1 57.9 0.034 0.313
300 7.5 66.9 66.6 21.0 22.0 57.7 58.1 58.0 58.3 58.0 0.034 0.313
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TABLE 16 RaAw DATA FOR EXPERIMENTAL RUN B9

104

Time(Min) [ Power(P) | Ts(°C) | Te(°C) | Ta(°C) | Tins(°C) | Ta(°C) | Te(°C) | Tw(°C) | Tw(°C) | Tm(°C) | Vrer(V) | Vi(V)
0 10.3 22.0 214 20.7 21.2 22.1 22.0 22.0 22.1 221 | 0.000 | 0.000
10 10.3 51.6 51.7 20.9 21.3 40.8 40.8 40.7 40.8 408 | 0444 | 0.444
20 10.3 64.0 64.0 20.9 214 53.2 53.2 53.1 53.2 532 | 0465 | 0.465
30 10.3 69.9 69.8 20.8 21.4 59.1 59.1 59.1 59.1 59.1 | 0.468 | 0.468
40 10.3 73.2 73.1 208 215 62.0 61.9 618 62.0 619 | 0488 | 0.488
50 10.3 75.4 753 20.7 215 63.9 63.8 63.8 63.9 639 | 0.497 | 0497
60 10.3 77.0 76.8 20.8 217 65.3 65.2 65.2 65.3 653 | 0505 | 0505
70 10.3 77.9 777 20.8 2138 66.1 66.1 66.1 66.1 66.1 | 0506 | 0.506
80 10.3 787 785 20.8 218 66.7 66.7 66.6 66.7 66.7 | 0507 | 0507
90 10.3 786 78.5 20.6 21.6 66.8 66.8 66.7 66.8 66.8 | 0508 | 0.508

100 10.3 787 78.6 205 21.4 66.7 66.7 66.6 66.7 667 | 0511 | 0511
110 10.3 786 785 20.4 214 66.7 66.7 66.6 66.7 667 | 0511 | 0511
120 10.3 788 787 20.4 214 66.9 66.9 66.8 66.9 669 | 0511 | 0511
125 10.3 76.7 76.6 20.2 215 67.5 67.5 675 67.5 675 | 0.125 | 0.125
130 10.3 76.7 76.6 20.2 214 67.6 67.5 675 67.6 676 | 0.125 | 0.125
135 10.3 76.7 76.6 20.1 21.4 67.6 67.5 67.4 67.6 675 | 0.125 | 0.125
140 10.3 76.6 765 20.0 214 67.5 67.4 67.4 67.5 675 | 0.125 | 0.125
145 10.3 77.0 76.8 20.0 21.4 67.2 67.0 67.1 67.2 671 | 0.00 | 0.203
150 10.3 771 76.9 19.9 215 67.4 67.2 67.3 67.4 673 | 0.100 | 0.201
155 10.3 77.0 76.8 20.0 214 67.3 67.2 67.2 67.3 673 | 0.00 | 0.201
160 10.3 77.0 76.9 19.9 213 67.3 67.2 67.2 67.3 673 | 0.100 | 0.201
165 10.3 77.0 76.9 19.8 21.3 67.0 66.9 66.9 67.0 670 | 0.083 | 0.250
170 10.3 771 76.9 19.8 213 67.1 67.0 67.0 67.1 671 | 0.083 | 0250
175 10.3 76.9 76.8 19.7 21.3 67.0 66.8 66.8 67.0 669 | 0.083 | 0.250
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Time(Min) | Power(P) | Ts(°C) | Tc¢(°C) | Ta(°C) | Tins(°C) | Tr(°C) | Tr(°C) | Tr(°C) | Tt(°C) | Tm(°C) | Vrer (V) | Vie(V)
180 10.3 77.3 77.2 19.7 21.3 67.1 66.9 66.9 67.1 67.0 0.083 0.250
185 10.3 77.9 77.8 19.7 21.2 67.2 67.0 67.0 67.2 67.1 0.074 0.296
190 10.3 78.3 78.1 19.8 21.4 67.7 67.5 67.5 67.7 67.6 0.074 0.296
195 10.3 78.4 78.3 19.8 215 67.9 67.7 67.7 67.9 67.8 0.074 0.296
200 10.3 78.7 78.6 19.9 21.6 68.1 67.9 67.9 68.1 68.0 0.074 0.296
205 10.3 79.3 79.2 20.0 21.8 68.6 68.5 68.5 68.6 68.6 0.064 0.321
210 10.3 79.3 79.1 20.1 21.9 68.7 68.6 68.6 68.7 68.7 0.064 0.321
215 10.3 79.5 79.4 20.2 22.0 68.9 68.7 68.7 68.9 68.8 0.064 0.321
220 10.3 79.7 79.5 20.3 22.2 69.0 68.8 68.9 69.0 68.9 0.064 0.321
225 10.3 79.7 79.5 20.3 22.2 68.7 68.5 68.6 68.7 68.6 0.057 0.347
230 10.3 79.8 79.7 20.4 22.3 68.8 68.6 68.7 68.8 68.7 0.057 0.347
235 10.3 79.8 79.6 20.5 22.4 68.9 68.7 68.8 68.9 68.8 0.057 0.344
240 10.3 80.0 79.8 20.6 22.4 69.1 69.0 69.0 69.1 69.1 0.057 0.344
245 10.3 80.1 80.0 20.7 22.4 69.1 68.9 69.0 69.1 69.0 0.051 0.363
250 10.3 80.4 80.2 20.8 22.5 69.3 69.2 69.2 69.3 69.3 0.051 0.363
255 10.3 80.5 80.3 20.8 22.6 69.4 69.3 69.3 69.4 69.4 0.051 0.363
260 10.3 80.7 80.5 20.9 22.7 69.6 69.4 69.5 69.6 69.5 0.051 0.363
265 10.3 80.6 80.4 21.0 22.7 69.3 69.2 69.2 69.3 69.3 0.047 0.379
270 10.3 80.6 80.5 20.9 22.5 69.5 69.3 69.4 69.5 69.4 0.047 0.379
275 10.3 80.6 80.4 20.9 22.4 69.3 69.2 69.2 69.3 69.3 0.047 0.379
280 10.3 80.4 80.3 20.8 22.3 69.2 69.1 69.1 69.2 69.2 0.047 0.379
285 10.3 80.3 80.2 20.7 22.2 69.1 68.9 68.9 69.1 69.0 0.043 0.392
290 10.3 80.4 80.3 20.7 22.2 69.0 68.9 68.9 69.0 69.0 0.043 0.392
295 10.3 80.1 80.0 20.6 22.0 68.9 68.7 68.8 68.9 68.8 0.043 0.392
300 10.3 80.0 80.0 20.4 21.8 68.8 68.6 68.7 68.8 68.7 0.043 0.392
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TABLE 17 Raw DATA FOR EXPERIMENTAL RuUN C1

Time(Min) | Pen(W) | Vie(V) | Tte(A) | Pe(W) | Ta(°C) | Tins(°C) | Ts(°C) | Te(°C) | T (°C) | Tr(°C) | T3(°C) [ Tra(°C) | Tm(°C)
1 51 | 399 | 080 | 32 | 226 | 233 | 186 | 179 | 295 | 294 | 296 | 299 | 296
10 50 | 403 | 080 | 32 | 228 | 236 | 372 | 368 | 501 | 499 | 501 | 503 | 50.1
20 50 | 403 | 080 | 32 | 227 | 237 | 469 | 465 | 596 | 595 | 597 | 59.9 | 59.7
30 51 | 405 | 080 | 32 | 227 | 237 | 521 | 517 | 639 | 638 | 639 | 642 | 640
40 51 | 403 | 080 | 32 | 226 | 237 | 540 | 536 | 666 | 664 | 666 | 669 | 66.6
50 51 | 404 | 080 | 32 | 228 | 238 | 564 | 560 | 687 | 685 | 687 | 68.9 | 687
60 51 | 403 | 080 | 32 | 226 | 237 | 57.8 | 574 | 702 | 700 | 702 | 704 | 702
70 51 | 403 | 080 | 32 | 227 | 238 | 587 | 582 | 71.0 | 708 | 710 | 713 | 710
80 51 | 404 | 080 | 32 | 225 | 238 | 59.7 | 592 | 714 | 712 | 714 | 717 | 714
90 51 | 404 | 080 | 32 | 225 | 238 | 600 | 595 | 718 | 716 | 7.8 | 720 | 718
100 51 | 404 | 080 | 32 | 229 | 240 | 60.7 | 602 | 727 | 725 | 727 | 730 | 727
110 51 | 404 | 080 | 32 | 224 | 240 | 608 | 603 | 726 | 724 | 726 | 728 | 726
120 51 | 405 | 080 | 32 | 227 | 240 | 610 | 606 | 722 | 721 | 723 | 726 | 723
130 51 | 405 | 080 | 32 | 227 | 241 | 609 | 605 | 723 | 722 | 724 | 726 | 724
140 51 | 405 | 080 | 32 | 228 | 242 | 611 | 60.7 | 723 | 721 | 723 | 726 | 723
150 51 | 405 | 080 | 32 | 228 | 244 | 611 | 606 | 723 | 721 | 724 | 726 | 724
160 51 | 600 | 146 | 88 | 232 | 244 | 558 | 550 | 756 | 753 | 757 | 761 | 757
170 51 | 6.08 | 137 | 83 | 229 | 244 | 642 | 637 | 886 | 884 | 887 | 890 | 887
180 51 | 609 | 137 | 83 | 229 | 244 | 680 | 675 | 924 | 921 | 925 | 928 | 925
190 51 | 6.09 | 137 | 83 | 230 | 245 | 69.8 | 69.4 | 941 | 937 | 942 | 944 | 941
200 51 | 609 | 137 | 83 | 229 | 244 | 713 | 708 | 956 | 953 | 957 | 959 | 956
210 51 | 609 | 137 | 83 | 234 | 246 | 721 | 716 | 961 | 958 | 962 | 965 | 96.2
220 51 | 609 | 137 | 83 | 236 | 249 | 724 | 720 | 966 | 963 | 96.7 | 969 | 96.6
230 51 | 609 | 137 | 83 | 239 | 253 | 730 | 726 | 969 | 96 | 971 | 973 | 970

106

106



Time(Min) | Pen(W) | Vie(V) | 1e(A) | Pe(W) | TaC) | Tins(°C) | T5(°C) | Te(°C) | Tr(°C) [ T(°C) | T3(°C) | Tra(°C) | Trm(°C)
240 51 | 609 | 137 | 83 | 243 | 257 | 742 | 737 | 980 | 977 | 981 | 984 | 981
250 51 | 609 | 137 | 83 | 244 | 258 | 748 | 743 | 984 | 981 | 985 | 988 | 985
260 51 | 609 | 137 | 83 | 248 | 260 | 754 | 749 | 993 | 990 | 994 | 99.7 | 99.4
270 51 | 640 | 137 | 84 | 249 | 262 | 761 | 756 | 994 | 99.0 | 995 | 997 | 99.4
280 51 | 609 | 137 | 83 | 252 | 263 | 766 | 761 | 1008 | 1005 | 100.9 | 101.2 | 100.9
290 51 | 609 | 137 | 83 | 257 | 266 | 772 | 76.7 | 101.1 | 1009 | 101.2 | 1015 | 101.2
300 51 | 609 | 137 | 83 | 258 | 266 | 777 | 773 | 1016 | 1013 | 1017 | 101.9 | 101.6
310 51 | 610 | 137 | 84 | 258 | 268 | 781 | 776 | 1017 | 1014 | 1017 | 102.0 | 1017
320 51 | 640 | 137 | 84 | 261 | 269 | 783 | 778 | 1019 | 1015 | 101.9 | 102.2 | 101.9
330 51 | 610 | 137 | 84 | 262 | 271 | 782 | 777 | 101.9 | 101.6 | 101.9 | 1022 | 101.9
340 51 | 640 | 137 | 84 | 262 | 272 | 786 | 780 | 1022 | 101.8 | 1022 | 1025 | 102.2
350 51 | 797 | 1.88 | 150 | 26.4 | 274 | 744 | 736 | 1059 | 1054 | 106.0 | 106.3 | 105.9
360 51 | 800 | 179 | 143 | 263 | 274 | 866 | 862 | 1208 | 1203 | 1209 | 121.3 | 120.8
370 51 | 800 | 179 | 143 | 264 | 275 | 905 | 90.1 | 1246 | 1241 | 1247 | 1250 | 124.6
380 51 | 80l | 179 | 143 | 266 | 276 | 929 | 924 | 1265 | 1261 | 126.6 | 127.0 | 126.6
390 51 | 801 | 179 | 143 | 265 | 27.7 | 938 | 934 | 1274 | 1270 | 1276 | 1279 | 1275
400 51 | 80l | 179 | 143 | 262 | 274 | 944 | 939 | 1278 | 1274 | 1280 | 1282 | 127.9
410 51 | 801 | 179 | 143 | 258 | 272 | 943 | 938 | 1274 | 1270 | 1276 | 1278 | 1275
420 51 | 80l | 179 | 143 | 256 | 270 | 941 | 936 | 1272 | 1267 | 127.3 | 127.6 | 127.2
430 51 | 80l | 179 | 143 | 255 | 269 | 947 | 942 | 1276 | 1271 | 127.8 | 1281 | 127.7
440 51 | 801 | 179 | 143 | 252 | 268 | 944 | 939 | 127.1 | 1267 | 1273 | 1276 | 1272
450 51 | 80l | 179 | 143 | 250 | 267 | 944 | 939 | 1272 | 1267 | 127.3 | 127.7 | 127.2
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TABLE 18 Raw DATA FOR EXPERIMENTAL RUN C2

108

Time(Min) | Pen(W) | Vie(V) | 1e(A) | Pe(W) [ TaC) | Tins°C) [ T5(°C) | Te(°C) | Tr(°C) [ Te(°C) | T(°C) | Tr(°C) | Trm(°C)
0 74 | 402 | 086 | 3.4 | 241 | 244 | 263 | 264 | 293 | 293 | 293 | 294 | 293
10 73 | 402 | 086 | 3.4 | 239 | 245 | 445 | 438 | 559 | 558 | 559 | 56.2 | 56.0
20 73 | 402 | 086 | 35 | 236 | 244 | 569 | 563 | 679 | 67.7 | 67.9 | 682 | 67.9
30 71 | 402 | 086 | 3.4 | 236 | 245 | 628 | 62.3 | 740 | 73.8 | 740 | 743 | 74.0
40 71 | 402 | 086 | 3.4 | 236 | 245 | 662 | 656 | 776 | 774 | 776 | 779 | 776
50 74 | 402 | 086 | 3.4 | 234 | 245 | 682 | 676 | 795 | 793 | 796 | 798 | 796
60 73 | 402 | 086 | 3.4 | 235 | 245 | 695 | 689 | 80.7 | 805 | 80.7 | 81.0 | 80.7
70 74 | 402 | 086 | 3.4 | 234 | 246 | 706 | 700 | 819 | 8L7 | 820 | 822 | 820
80 74 | 402 | 086 | 3.4 | 235 | 246 | 717 | 71.0 | 828 | 826 | 82.8 | 83.1 | 828
90 73 | 402 | 086 | 3.4 | 234 | 246 | 721 | 714 | 833 | 831 | 833 | 836 | 833
100 73 | 402 | 0.86 | 35 | 234 | 247 | 729 | 722 | 838 | 835 | 838 | 840 | 838
110 73 | 402 | 086 | 3.4 | 234 | 248 | 730 | 72.3 | 837 | 834 | 837 | 840 | 83.7
120 73 | 402 | 086 | 35 | 234 | 248 | 732 | 725 | 840 | 837 | 840 | 842 | 840
130 73 | 402 | 0.86 | 35 | 234 | 248 | 735 | 72.8 | 843 | 840 | 843 | 845 | 843
140 73 | 402 | 086 | 35 | 235 | 249 | 735 | 72.8 | 843 | 840 | 843 | 845 | 843
150 73 | 402 | 086 | 35 | 234 | 249 | 739 | 732 | 847 | 844 | 847 | 849 | 847
160 73 | 403 | 086 | 35 | 235 | 250 | 741 | 734 | 844 | 841 | 844 | 846 | 844
170 73 | 402 | 086 | 35 | 233 | 250 | 738 | 731 | 844 | 842 | 844 | 847 | 844
180 73 | 403 | 086 | 35 | 233 | 250 | 741 | 73.4 | 846 | 843 | 846 | 848 | 846
190 73 | 402 | 086 | 35 | 233 | 250 | 747 | 739 | 852 | 849 | 852 | 854 | 852
200 73 | 403 | 086 | 35 | 234 | 249 | 753 | 746 | 858 | 856 | 859 | 86.1 | 850
210 73 | 403 | 086 | 35 | 234 | 249 | 758 | 750 | 86.1 | 858 | 86.1 | 86.3 | 86.1
220 73 | 594 | 148 | 88 | 239 | 252 | 69.7 | 68.8 | 90.4 | 90.1 | 90.4 | 90.8 | 904
230 73 6.03 | 141 85 | 236 | 252 | 810 | 803 | 103.7 | 103.4 | 103.8 | 104.1 | 103.8
240 73 6.03 | 141 85 | 238 | 253 | 834 | 826 | 106.0 | 105.7 | 106.0 | 106.4 | 106.0
250 73 6.03 | 141 85 | 239 | 255 | 843 | 835 | 106.8 | 106.4 | 106.9 | 107.2 | 106.8
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Time(Min) | Pen(W) | Vie(V) | 1e(A) | Pe(W) | Ta(°C) | Tins®C) | Ts°C) | Te(°C) | Tu(°C) | Te(°C) | T3(°C) | T(°C) | Ttm(°C)
260 7.3 6.03 | 1.41 8.5 235 | 253 | 853 | 847 | 108.1 | 107.7 | 108.2 | 1085 | 108.1
270 7.3 6.03 | 1.41 8.5 240 | 255 | 863 | 856 | 108.9 | 1085 | 109.0 | 109.3 | 108.9
280 7.3 6.03 | 1.41 8.5 250 | 259 | 86.8 | 86.1 | 109.6 | 109.2 | 109.7 | 109.9 | 109.6
290 73 6.03 | 1.41 8.5 253 | 267 | 87.6 | 86.9 | 110.3 | 110.0 | 1104 | 110.7 | 1104
300 7.3 6.03 | 1.41 8.5 251 | 267 | 87.6 | 86.9 | 110.3 | 109.9 | 110.3 | 110.6 | 110.3
310 73 6.04 | 1.41 8.5 246 | 264 | 87.4 | 86.7 | 1095 | 109.2 | 109.6 | 109.8 | 109.5
320 7.3 6.04 | 1.41 8.5 247 | 261 | 86.8 | 86.1 | 109.1 | 108.7 | 109.1 | 109.5 | 109.1
330 73 6.03 | 1.41 8.5 241 | 260 | 86.7 | 859 | 109.0 | 108.6 | 109.0 | 109.3 | 109.0
340 73 6.03 | 1.41 8.5 243 | 260 | 868 | 86.1 | 109.3 | 1089 | 109.4 | 109.7 | 109.3
350 73 6.04 | 1.41 8.5 244 | 261 | 87.1 | 86.4 | 1095 | 109.0 | 109.5 | 109.8 | 109.5
360 73 6.03 | 1.41 8.5 242 | 261 | 869 | 86.2 | 109.2 | 1089 | 109.3 | 109.6 | 109.3
370 7.4 796 | 1.95 | 155 | 248 | 262 | 82.8 82 | 114.6 | 1141 | 1147 | 1151 | 114.6
380 75 802 | 1.88 | 150 | 243 | 261 | 964 | 957 | 1289 | 128.4 | 129.0 | 129.3 | 128.9
390 76 802 | 1.88 | 150 | 241 | 259 | 99.7 | 99.0 | 132.0 | 1316 | 132.1 | 132.4 | 132.0
400 7.7 8.02 | 1.88 | 151 | 241 | 260 | 101.4 | 100.6 | 133.4 | 132.9 | 1335 | 133.8 | 133.4
410 7.8 803 | 1.88 | 151 | 240 | 259 | 102.9 | 102.1 | 1348 | 1343 | 1349 | 1352 | 134.8
420 7.8 803 | 1.88 | 151 | 241 | 259 | 103.9 | 103.2 | 1356 | 1350 | 1356 | 136.0 | 135.6
430 7.9 803 | 1.88 | 151 | 244 | 26.3 | 1049 | 1042 | 136.7 | 136.1 | 136.8 | 137.2 | 136.7
440 8.0 803 | 1.88 | 151 | 243 | 26.1 | 105.4 | 104.6 | 137.0 | 136.4 | 137.1 | 137.4 | 137.0
450 8.1 803 | 1.88 | 151 | 243 | 26.1 | 105.4 | 1046 | 137.0 | 136.4 | 137.0 | 137.3 | 136.9
460 8.2 803 | 1.88 | 151 | 243 | 261 | 1054 | 1046 | 136.8 | 136.3 | 137.0 | 137.3 | 136.9
470 8.3 803 | 1.88 | 151 | 243 | 26.1 | 105.4 | 104.6 | 136.6 | 136.0 | 136.7 | 137.0 | 136.6
480 8.3 803 | 1.88 | 151 | 243 | 261 | 106.0 | 1052 | 137.2 | 136.6 | 137.3 | 137.6 | 137.2
490 8.4 803 | 1.88 | 151 | 243 | 261 | 105.9 | 105.1 | 136.9 | 136.4 | 137.0 | 137.4 | 136.9
500 8.5 803 | 1.88 | 151 | 238 | 26.0 | 105.7 | 1049 | 136.8 | 136.3 | 136.9 | 137.3 | 136.8
510 8.6 803 | 1.88 | 151 | 237 | 260 | 106.0 | 1052 | 137.1 | 1365 | 137.2 | 1375 | 137.1
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TABLE 19 Raw DATA FOR EXPERIMENTAL RuUN C3
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Time(Min) | Pen(W) Vie(V) lie(A) Pie(W) Ta(°C) Tins(°C) T5(°C) Tc(°C) Tn(°C) T(°C) T1(°C) Tu(°C) | Tm(°C)
0 10.01 3.82 1.09 4.15 24.2 24.7 24.6 24.6 24.5 24.5 24.5 24.6 24.5
10 10.01 3.82 0.94 3.57 24.3 25.2 48.8 48.0 58.9 58.7 58.9 59.2 58.9
20 10.01 3.81 0.94 3.56 24.6 25.2 65.0 64.2 75.4 75.1 75.4 75.6 75.4
30 10.01 3.81 0.94 3.56 24.5 25.3 72.6 71.8 82.9 82.7 83.0 83.2 83.0
40 10.01 3.81 0.94 3.56 24.6 25.5 77.1 76.2 86.9 86.6 86.9 87.1 86.9
50 10.01 3.81 0.94 3.57 24.7 25.6 80.1 79.2 89.6 89.3 89.6 89.8 89.6
60 10.01 3.82 0.94 3.57 24.7 25.6 82.7 81.8 91.8 91.6 91.9 92.1 91.9
70 10.01 3.82 0.94 3.57 24.6 25.7 84.3 83.3 93.2 92.9 93.2 93.4 93.2
80 10.01 3.82 0.94 3.57 24.8 25.8 85.3 84.4 93.9 93.7 94.0 94.2 94.0
90 10.01 3.82 0.94 3.57 24.9 25.9 85.9 84.9 94.5 94.2 94.5 94.7 94.5
100 10.01 3.82 0.94 3.57 24.8 26.0 86.3 85.4 95.1 94.7 95.1 95.3 95.1
110 10.01 3.82 0.94 3.57 24.9 26.2 86.7 85.8 95.3 95.1 95.3 95.6 95.3
120 10.01 3.81 0.94 3.57 24.8 26.2 86.6 85.6 95.2 95.0 95.2 95.4 95.2
130 10.01 3.82 0.94 3.57 24.8 26.2 86.9 85.9 95.3 95.0 95.3 95.5 95.3
140 10.01 3.82 0.94 3.57 24.9 26.2 86.6 85.6 95.4 95.1 95.4 95.6 95.4
150 10.01 3.82 0.94 3.57 24.7 26.3 87.0 86.1 95.4 95.1 95.5 95.7 95.4
160 10.01 3.82 0.94 3.57 24.8 26.3 88.1 87.1 96.3 96.0 96.3 96.6 96.3
170 10.01 3.81 0.94 3.57 24.6 26.3 88.3 87.3 96.6 96.3 96.6 96.8 96.6
180 10.01 3.82 0.94 3.57 24.7 26.4 88.6 87.6 96.7 96.4 96.7 96.9 96.7
190 10.01 3.82 0.94 3.57 24.7 26.4 89.1 88.1 97.1 96.9 97.2 97.4 97.2
200 10.01 6.01 1.53 9.17 25.2 26.6 83.7 82.5 103.7 103.4 103.8 104.1 103.8
210 10.01 6.02 1.46 8.77 25.0 26.5 94.2 93.2 1155 115.1 115.6 115.8 1155
220 10.01 6.03 1.46 8.77 25.0 26.6 97.1 96.1 117.8 117.6 118.0 118.2 117.9
230 10.01 6.03 1.46 8.78 24.9 26.7 98.9 97.9 1195 119.2 119.6 119.9 119.6
240 10.01 6.03 1.46 8.78 25.0 26.7 100.0 99.0 120.6 120.3 120.7 121.0 120.7
250 10.01 6.03 1.46 8.78 25.1 26.8 100.8 99.7 121.2 120.9 1213 1215 121.2
260 10.01 6.03 1.46 8.78 25.0 26.7 101.3 100.2 121.8 121.4 121.9 122.2 121.8
270 10.01 6.03 1.46 8.78 25.0 26.7 102.1 101.1 122.6 122.2 122.7 123.0 122.6
280 10.01 8.06 2.03 16.36 25.5 26.9 98.1 96.8 125.8 125.3 126.0 126.3 125.9
290 10.01 8.07 1.95 15.72 25.1 26.8 110.3 109.2 141.0 140.4 141.2 1415 141.0
300 10.01 8.07 1.95 15.73 25.0 26.7 115.9 114.9 146.2 145.6 146.3 146.6 146.2
310 10.01 8.07 1.95 15.73 24.8 26.7 118.6 117.6 148.4 147.9 148.5 148.8 148.4
320 10.01 8.07 1.95 15.73 25.5 27.0 119.3 118.2 149.2 148.6 149.3 149.7 149.2
330 10.01 8.08 1.95 15.74 24.9 26.8 119.5 118.4 149.3 148.7 149.4 149.7 149.3
340 10.01 8.08 1.95 15.74 25.2 26.9 119.7 118.7 149.2 148.7 149.4 149.8 149.3
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TABLE 20 Raw DATA FOR EXPERIMENTAL RuUN C4

111

Time(Min) Pen(W) Vee(V) le(A) Pi(W) T4(°C) Tins(°C) T,(°C) T(°C) Tu(°C) Tr(°C) T(°C) Tu(°C) Tm(°C)
0 5.13 2.408 0.895 2.16 19.5 20.5 21.6 21.5 21.3 21.3 21.3 21.5 21.4
10 5.12 2.408 0.895 2.16 20.8 21.8 29.3 28.9 39.7 39.6 39.7 39.7 39.7
20 5.12 2.040 0.805 1.64 19.8 214 37.3 37.0 49.3 49.3 49.4 49.5 494
30 5.12 2.027 0.807 1.64 19.0 20.8 41.7 41.4 52.6 52.5 52.6 52.6 52.6
40 5.12 2.030 0.802 1.63 20.5 21.9 43.4 43.1 54.2 54.1 54.3 54.3 54.2
50 5.11 2.024 0.798 1.62 20.3 22.7 44.9 44.6 55.7 55.7 55.8 55.7 55.7
60 5.05 2.025 0.800 1.62 19.0 21.0 45.1 44.8 55.7 55.6 55.8 55.7 55.7
70 5.13 2.026 0.799 1.62 19.9 21.4 455 45.1 56.0 55.9 56.1 56.0 56.0
80 5.10 2.026 0.794 1.61 21.2 23.0 46.3 46.0 57.0 57.0 57.1 57.0 57.0
90 5.10 2.026 0.797 1.61 19.4 21.6 46.5 46.1 57.0 57.0 57.1 57.0 57.0

100 5.01 2.006 0.787 1.58 19.2 21.1 46.2 45.8 56.5 56.5 56.6 56.5 56.5
110 5.01 1.995 0.771 1.54 21.1 22.7 46.6 46.2 57.0 57.0 57.1 57.0 57.0
120 5.04 1.969 0.774 1.52 19.9 22.4 47.3 46.9 57.4 57.4 57.5 57.5 57.5
130 4.99 4.135 1.503 6.21 18.9 21.3 45.1 44.7 69.4 69.3 69.5 69.3 69.4
140 4.98 4.082 1.457 5.95 20.0 21.8 494 49.1 73.6 73.6 73.7 73.5 73.6
150 5.01 4.083 1.445 5.90 21.1 23.3 51.8 51.5 76.0 76.0 76.2 75.9 76.0
160 5.02 4.079 1.445 5.89 19.2 21.7 52.5 52.2 76.4 76.4 76.6 76.4 76.5
170 5.01 4.077 1.443 5.88 18.8 21.0 52.4 52.1 76.3 76.2 76.4 76.2 76.3
180 5.02 4.078 1.437 5.86 20.6 22.5 53.0 52.8 77.1 77.1 77.3 77.0 77.1
190 5.01 4.076 1.439 5.87 19.6 22.4 53.6 53.3 71.5 775 71.7 774 77.5
200 5.01 4.073 1.444 5.88 18.8 21.2 52.9 52.7 76.7 76.7 76.9 76.7 76.8
210 5.02 4.068 1.443 5.87 19.5 21.3 52.4 52.1 76.1 76.1 76.3 76.1 76.2
220 5.00 4.060 1.438 5.84 21.1 23.2 53.1 53.0 77.0 77.0 77.2 77.0 77.1
230 5.01 4.143 1.461 6.05 19.1 21.6 53.3 53.0 76.4 76.4 76.6 76.4 76.5
240 5.01 3.975 1.403 5.58 18.7 21.1 52.7 52.5 75.0 75.0 75.2 75.0 75.1
250 5.11 6.031 2.084 12.57 19.1 21.2 59.8 59.7 95.3 95.4 95.6 95.3 95.4
260 5.13 5.915 1.945 11.50 18.8 21.4 62.3 62.3 97.0 97.0 97.2 96.9 97.0
270 5.13 6.256 2.022 12.65 18.8 21.1 64.2 64.1 100.7 100.6 100.9 100.5 100.7
280 5.13 6.084 1.952 11.88 18.8 21.1 65.5 65.5 100.9 101.0 101.2 100.8 101.0
290 5.14 6.081 1.985 12.07 19.0 21.0 65.6 65.5 100.9 100.9 101.2 100.8 101.0
300 5.15 6.083 1.983 12.06 18.9 21.1 65.8 65.8 101.1 101.0 101.3 101.0 101.1
310 5.07 6.083 1.952 11.87 19.1 21.2 66.3 66.1 101.9 101.6 101.1 101.4 101.5
320 5.14 6.084 1.952 11.88 18.8 21.4 66.6 66.4 101.3 101.9 101.5 101.8 101.6
330 5.07 6.084 1.950 11.86 18.8 21.1 66.8 66.6 101.2 101.8 101.4 101.7 1015
340 5.14 6.083 1.951 11.87 18.8 21.1 67.0 66.8 101.5 101.1 101.7 101.0 101.3
350 5.07 6.083 1.951 11.87 19.0 21.0 67.0 66.8 101.4 101.2 101.6 101.0 101.3
360 5.07 6.085 1.949 11.86 18.9 21.1 66.7 66.5 101.3 101.0 101.5 101.8 101.4
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TABLE 21 Raw DATA FOR EXPERIMENTAL RuUN C5
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Time(Min) Pen(W) Vie(V) le(A) Pi(W) T+(°C) Tins(°C) T5(°C) T(°C) Tu(°C) Tr(°C) Tr(°C) Tu(°C) Tm(°C)

0 7.508 2.007 0.947 1.901 20.0 20.3 17.1 16.4 24.9 24.9 25.0 25.0 25.0
10 7.405 1.988 0.851 1.692 20.9 21.8 37.3 36.6 46.3 46.3 46.4 46.4 46.4
20 7.462 2.027 0.819 1.660 19.4 20.6 46.2 45.8 55.7 55.7 55.8 55.7 55.7
30 7.665 2.027 0.815 1.652 19.4 20.5 50.6 50.2 59.5 59.4 59.5 59.5 59.5
40 7.674 2.022 0.800 1.618 20.7 22.0 54.4 54.0 63.0 63.0 63.2 63.0 63.1
50 7.665 2.015 0.800 1.612 19.8 21.7 56.3 56.0 64.8 64.8 64.9 64.7 64.8
60 7.674 2.014 0.803 1.617 19.3 21.1 57.1 56.8 65.4 65.4 65.5 65.4 65.4
70 7.682 2.015 0.803 1.618 19.3 21.1 57.5 57.2 65.8 65.8 65.9 65.8 65.8
80 7.691 2.015 0.796 1.604 20.4 225 58.8 58.5 67.2 67.2 67.3 67.2 67.2
90 7.499 2.012 0.796 1.602 19.0 21.3 58.7 58.4 66.9 66.8 67.0 66.9 66.9
100 7.508 2.010 0.808 1.624 18.8 20.9 58.4 58.1 66.6 66.6 66.7 66.6 66.6
110 7.491 2.030 0.800 1.624 18.9 21.0 58.1 57.8 66.5 66.5 66.6 66.5 66.5
120 7.482 1.986 0.773 1.535 19.8 21.9 58.6 58.3 66.8 66.7 66.9 66.8 66.8
130 7.473 4.122 1.466 6.043 19.4 21.6 57.2 56.9 79.5 79.5 79.7 79.5 79.6
140 7.353 4.132 1.447 5.979 18.9 21.2 60.8 60.6 83.3 83.3 83.5 83.2 83.3
150 7.362 4.107 1.444 5.931 19.2 21.3 61.9 61.7 84.2 84.2 84.4 84.2 84.3
160 7.456 4.109 1.442 5.925 19.0 21.3 62.3 62.2 84.6 84.6 84.8 84.5 84.6
170 7.387 4.108 1.438 5.907 19.6 22.0 62.8 62.7 85.2 85.2 85.3 85.2 85.2
180 7.353 4114 1.441 5.928 19.1 21.5 62.8 62.7 85.2 85.1 85.3 85.1 85.2
190 7.353 4.118 1.442 5.938 18.6 21.3 62.8 62.7 85.2 85.2 85.4 85.2 85.3
200 7.362 4.116 1.443 5.939 18.5 21.1 62.9 62.7 85.2 85.2 85.3 85.1 85.2
210 7.387 4.114 1.441 5.928 18.5 21.1 62.7 62.6 85.2 85.1 85.3 85.0 85.2
220 7.370 4.118 1.441 5.934 19.2 21.6 62.9 62.8 85.4 85.4 85.5 85.3 85.4
230 7.508 4.115 1.441 5.930 18.8 21.4 62.9 62.8 85.3 85.3 85.5 85.3 85.4
240 7.491 4.116 1.441 5.931 18.4 21.1 62.9 62.8 85.3 85.3 85.4 85.2 85.3
250 7.482 6.086 1.997 12.154 18.4 21.1 66.5 66.5 100.3 100.3 100.5 100.2 100.3
260 7.482 6.090 1.986 12.095 18.5 21.2 715 715 105.2 105.2 105.4 105.1 105.2
270 7.517 6.097 1.978 12.060 18.4 21.2 73.0 73.1 106.6 106.5 106.7 106.4 106.6
280 7.508 6.101 1.992 12.153 19.0 21.4 74.2 74.3 107.7 107.6 107.9 107.5 107.7
290 7.526 6.096 1.978 12.058 19.5 22.0 75.6 75.7 109.1 109.2 109.3 109.0 109.2
300 7.526 6.097 1.969 12.005 18.8 21.6 75.9 76.0 109.3 109.3 109.4 109.1 109.3
310 7.552 6.099 1.989 12.131 19.1 21.6 76.1 76.1 109.4 109.4 109.6 109.2 109.4
320 7.543 6.174 1.980 12.225 20.5 23.3 774 775 111.0 111.2 111.3 111.0 1111
330 7.682 6.176 1.982 12.241 19.1 22.2 775 77.6 1111 1111 111.2 110.9 1111
340 7.877 6.148 1.980 12.173 18.6 21.6 77.3 774 110.7 110.6 110.8 110.5 110.7
350 7.885 6.144 1.977 12.147 18.9 21.5 774 775 1105 110.5 110.7 110.4 1105
360 8.019 6.142 1.967 12.081 20.1 22.4 78.2 78.3 1114 1114 1115 111.3 1114
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TABLE 22 Raw DATA FOR EXPERIMENTAL RUN C6

113

Time(Min) Pen(W) Vee(V) le(A) Pi(W) T4(°C) Tins(°C) T,(°C) T(°C) Tu(°C) Tr(°C) T(°C) Tu(°C) Tm(°C)
0 10.01 2.054 0.852 1.75 18.3 19.8 22.5 22.3 22.2 22.0 22.1 22.3 22.2
10 10.01 2.041 0.776 1.58 17.8 19.1 47.5 46.7 53.7 53.5 53.6 53.8 53.7
20 10.01 2.030 0.758 1.54 18.4 19.0 56.8 55.7 62.9 62.7 62.8 62.9 62.8
30 10.01 2.024 0.735 1.49 20.4 20.8 62.5 61.3 68.3 68.1 68.2 68.4 68.3
40 10.01 2.021 0.730 1.48 18.4 19.8 65.2 64.0 70.6 70.4 70.5 70.5 70.5
50 10.01 2.018 0.741 1.50 18.1 19.3 66.2 65.0 71.8 715 71.7 71.8 71.7
60 10.01 2.018 0.751 1.52 18.2 19.3 66.8 65.7 72.4 72.2 72.3 724 72.3
70 10.01 2.017 0.756 1.52 18.3 19.3 67.4 66.2 73.0 72.8 72.9 73.0 72.9
80 10.01 2.016 0.754 1.52 18.0 19.5 68.1 67.0 73.8 73.6 73.6 73.7 73.7
90 10.01 2.015 0.750 151 19.6 20.3 69.1 68.0 74.8 74.6 74.8 74.9 74.8

100 10.01 2.014 0.760 1.53 19.1 20.4 69.3 68.3 74.7 74.5 74.7 74.7 74.7
110 10.01 2.013 0.746 1.50 18.6 19.7 69.4 68.3 74.3 74.1 74.2 74.3 74.2
120 10.01 2.014 0.745 1.50 18.8 19.6 69.5 68.5 74.6 74.4 74.5 74.6 74.5
130 10.01 4.014 1.304 5.23 19.2 19.8 67.8 66.9 85.3 85.0 85.3 85.5 85.3
140 10.01 4.018 1.298 5.22 21.1 21.5 72.0 71.0 89.6 89.3 89.5 89.6 89.5
150 10.01 4.017 1.295 5.20 21.3 21.9 73.8 72.7 91.1 90.8 91.0 91.2 91.0
160 10.01 4.018 1.312 5.27 20.3 20.4 74.0 73.2 91.5 91.2 91.3 91.6 91.4
170 10.01 4.016 1.307 5.25 20.8 21.2 74.1 73.4 91.7 914 91.6 91.9 91.7
180 10.01 4.017 1.306 5.25 215 22.2 75.3 74.5 92.9 92.6 92.8 93.0 92.8
190 10.01 4.018 1.310 5.26 20.2 20.4 75.2 74.4 92.6 92.3 92.5 92.7 92.5
200 10.01 4.017 1.309 5.26 20.0 20.3 75.6 74.7 93.0 92.8 92.9 93.2 93.0
210 10.01 4.017 1.306 5.25 21.2 21.8 76.2 75.4 93.5 93.2 93.3 93.5 93.4
220 10.01 4.018 1.306 5.25 21.0 21.1 76.8 75.9 94.0 93.9 93.9 94.1 94.0
230 10.01 4.018 1.309 5.26 19.4 20.0 76.6 75.8 93.9 93.6 93.6 93.8 93.7
240 10.01 4.016 1.305 5.24 20.7 21.0 77.0 76.1 94.2 94.0 94.1 94.3 94.2
250 10.01 6.025 1.829 11.02 21.9 22.1 79.3 78.3 107.9 107.6 107.8 108.2 107.9
260 10.01 6.025 1.829 11.02 19.6 19.9 83.6 82.4 111.9 111.6 1117 112.0 111.8
270 10.01 6.025 1.830 11.03 20.3 20.4 84.3 83.1 112.5 112.1 112.4 112.8 1125
280 10.01 6.025 1.823 10.98 21.0 21.2 84.9 83.8 113.3 112.9 113.1 1135 113.2
290 10.01 6.025 1.816 10.94 21.8 21.8 85.8 84.7 114.2 113.8 114.0 114.3 114.1
300 10.01 6.025 1.816 10.94 21.8 22.2 86.5 85.4 114.9 1145 114.7 115.0 114.8
310 10.01 6.025 1.822 10.98 22.2 22.4 86.8 86.5 115.1 114.8 115.0 1153 115.1
320 10.01 6.026 1.823 10.99 21.3 21.9 86.8 86.6 114.9 1145 114.7 115.1 114.8
330 10.01 6.027 1.822 10.98 20.8 21.0 86.5 86.2 1145 114.2 114.3 114.7 1144
340 10.01 6.025 1.816 10.94 20.1 20.5 86.2 86.0 114.2 113.8 114.0 114.3 114.1
350 10.01 6.025 1.816 10.94 21.0 21.2 86.5 85.4 114.9 1145 114.7 115.0 114.8
360 10.01 6.025 1.816 10.94 21.8 21.8 86.8 86.5 115.1 114.8 115.0 115.3 115.1
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TABLE 23 RAw DATA FOR EXPERIMENTAL RuUN C7
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Time(Min) Pen(W) Vee(V) le(A) Pi(W) T4(°C) Tins(°C) T,(°C) T(°C) Tu(°C) Tr(°C) T(°C) Tu(°C) Tm(°C)

0 5.07 2.161 0.813 1.76 19.2 20.4 15.5 15.2 224 22.6 224 22.8 22.6
10 5.07 2.002 0.813 1.63 19.2 20.5 29.5 29.5 40.0 40.2 40.1 40.3 40.2
20 5.07 2.076 0.822 1.71 19.3 20.7 36.5 36.6 47.6 47.8 47.6 47.9 41.7
30 5.07 2.075 0.819 1.70 19.4 20.9 40.5 40.6 51.6 51.8 51.7 51.9 51.8
40 5.07 2.077 0.816 1.69 19.3 21.1 42.7 42.9 53.8 54.0 53.9 54.1 54.0
50 5.07 2.078 0.814 1.69 19.3 21.2 441 44.2 55.1 55.3 55.2 55.3 55.2
60 5.14 2.079 0.814 1.69 19.4 21.3 44.9 45.0 55.8 56.0 55.9 56.1 56.0
70 5.14 2.080 0.811 1.69 19.3 21.5 45.8 45.8 56.6 56.8 56.6 56.9 56.7
80 5.07 2.082 0.812 1.69 19.6 21.7 46.3 46.4 57.1 57.3 57.2 57.4 57.3
90 5.07 2.083 0.813 1.69 19.7 21.8 46.5 46.6 57.3 57.5 57.4 57.6 57.5
100 5.14 2.084 0.813 1.69 19.5 21.9 46.8 46.9 57.5 57.7 57.6 57.8 57.7
110 5.14 2.084 0.813 1.69 19.5 21.8 46.9 47.0 57.6 57.8 57.7 57.9 57.8
120 5.14 2.085 0.813 1.70 19.5 21.8 47.3 47.3 58.0 58.2 58.1 58.3 58.2
130 5.07 4.061 1.448 5.88 20.0 22.2 47.3 474 70.6 71.0 70.6 70.9 70.8
140 5.07 4.069 1.439 5.86 19.6 22.2 51.1 51.2 74.4 74.8 74.5 74.8 74.6
150 5.07 4.073 1.436 5.85 19.6 22.3 52.7 52.9 76.1 76.4 76.1 76.4 76.3
160 5.07 4.074 1.433 5.84 19.6 22.1 53.4 53.6 76.7 77.1 76.8 77.0 76.9
170 5.07 4.074 1.433 5.84 19.7 22.4 53.8 54.0 76.9 77.3 77.0 77.3 77.1
180 5.07 4.076 1.433 5.84 19.8 224 54.4 54.6 77.6 779 7.7 77.9 77.8
190 5.07 4.077 1.432 5.84 20.2 22.7 54.5 54.7 71.5 77.8 775 77.8 7.7
200 5.07 4.077 1.430 5.83 20.1 22.7 54.9 55.0 77.9 78.3 78.0 78.3 78.1
210 5.07 4.079 1.428 5.82 20.1 22.9 55.0 55.2 78.1 78.4 78.1 78.4 78.3
220 5.07 4.081 1.428 5.83 19.9 22.9 55.4 55.5 78.4 78.8 78.5 78.7 78.6
230 5.07 4.081 1.428 5.83 20.0 22.8 55.3 55.5 78.3 78.7 78.5 78.7 78.6
240 5.14 4.082 1.428 5.83 20.1 22.8 55.5 55.6 78.4 78.8 78.6 78.9 78.7
250 5.07 6.055 2.082 12.61 20.6 23.4 62.1 62.4 96.3 96.9 96.4 96.8 96.6
260 5.07 6.063 1.980 12.00 20.1 23.3 65.9 66.2 99.9 100.5 100.0 100.4 100.2
270 5.07 6.064 1.966 11.92 20.2 23.4 67.3 67.6 101.1 101.8 101.3 101.6 101.5
280 5.07 6.066 1.960 11.89 20.0 234 68.3 68.6 102.1 102.7 102.2 102.5 102.4
290 5.07 6.066 1.954 11.85 20.1 23.3 68.7 69.0 102.4 103.0 102.5 102.9 102.7
300 5.07 6.068 1.954 11.86 20.0 23.5 69.1 69.4 102.7 103.4 102.9 103.3 103.1
310 5.07 6.068 1.952 11.84 20.0 23.4 69.3 69.7 102.9 103.6 103.1 103.4 103.3
320 5.14 6.069 1.952 11.85 19.9 23.2 69.6 70.0 103.3 103.9 103.5 103.8 103.6
330 5.07 6.069 1.950 11.83 20.1 23.1 69.8 70.0 103.2 103.8 103.4 103.7 103.5
340 5.14 6.067 1.951 11.84 20.1 23.4 70.0 70.3 103.5 104.1 103.7 104.0 103.8
350 5.07 6.067 1.951 11.84 19.8 23.5 70.0 70.3 103.4 104.2 103.6 104.0 103.8
360 5.07 6.068 1.949 11.83 19.7 23.3 69.7 70.0 103.3 104.0 103.5 103.8 103.7
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TABLE 24 Raw DATA FOR EXPERIMENTAL RUN C8
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Time(Min) Pen(W) Vee(V) le(A) Pi(W) T4(°C) Tins(°C) T,(°C) T(°C) Tu(°C) Tr(°C) T(°C) Tu(°C) Tm(°C)
0 7.58 2.097 0.962 2.02 20.3 21.0 20.3 20.3 20.2 20.2 20.2 20.4 20.3
10 7.58 2.097 0.885 1.86 19.3 20.7 34.4 345 44.4 44.5 44.5 44.6 44.5
20 7.59 2.099 0.851 1.79 18.8 20.5 445 44.7 54.6 54.7 54.7 54.7 54.7
30 7.59 2.099 0.833 1.75 18.9 20.9 49.3 49.5 59.0 59.1 59.2 59.2 59.1
40 7.59 2.097 0.826 1.73 20.8 22.7 52.4 52.6 62.0 62.2 62.2 62.1 62.1
50 7.60 2.067 0.815 1.68 19.4 22.2 54.5 54.7 63.5 63.6 63.6 63.6 63.6
60 7.52 2.052 0.807 1.66 18.8 21.7 55.2 55.4 64.1 64.2 64.3 64.2 64.2
70 7.51 2.048 0.804 1.65 18.8 21.7 55.2 55.4 64.0 64.1 64.2 64.1 64.1
80 7.46 2.052 0.803 1.65 20.2 22.6 56.0 56.1 64.9 65.0 65.0 65.0 65.0
90 7.46 2.050 0.803 1.65 19.4 22.6 56.7 56.8 65.5 65.6 65.6 65.6 65.6
100 7.46 2.056 0.807 1.66 19.1 22.1 56.6 56.7 65.3 65.4 65.5 65.5 65.4
110 7.64 2.058 0.807 1.66 18.9 22.3 56.8 56.9 65.5 65.6 65.6 65.6 65.6
120 7.45 2.056 0.805 1.66 19.2 22.2 57.0 57.1 65.7 65.8 65.9 65.8 65.8
130 7.46 4.065 1.428 5.80 19.4 22.9 57.1 57.2 78.8 78.9 78.9 78.8 78.9
140 7.46 4.022 1.422 5.72 19.1 23.1 60.2 60.4 81.7 81.8 81.9 81.8 81.8
150 7.64 4.039 1.417 5.72 19.7 23.6 61.5 61.6 83.0 83.1 83.1 83.0 83.1
160 7.64 4.058 1.414 5.74 20.3 244 63.1 63.3 84.7 84.9 84.9 84.8 84.8
170 7.64 4.054 1.415 5.74 19.0 23.6 63.6 63.8 85.0 85.1 85.2 85.1 85.1
180 7.57 4.055 1.415 5.74 18.8 234 63.6 63.8 85.0 85.2 85.2 85.1 85.1
190 7.54 4.044 1.416 5.73 19.0 23.5 63.7 63.9 85.0 85.1 85.2 85.1 85.1
200 7.54 4.027 1.417 571 19.9 24.2 63.9 64.1 85.3 85.5 85.5 85.3 85.4
210 7.55 4.067 1.420 5.78 19.4 24.1 63.8 64.0 85.4 85.6 85.6 85.4 85.5
220 7.64 4.112 1.430 5.88 19.2 24.1 63.7 63.9 85.5 85.7 85.7 85.6 85.6
230 7.63 4114 1.428 5.87 19.3 24.2 64.0 64.1 85.8 86.0 85.9 85.8 85.9
240 7.64 4.114 1.430 5.88 19.0 23.8 64.1 64.2 85.8 85.9 85.9 85.8 85.9
250 7.64 6.112 1.953 11.94 19.2 24.0 68.5 68.8 101.3 101.5 101.5 101.3 101.4
260 7.64 6.122 1.973 12.08 18.7 23.7 73.4 73.8 106.1 106.3 106.4 106.2 106.3
270 7.64 6.121 1.967 12.04 18.6 23.6 75.0 75.4 107.4 107.7 107.7 107.6 107.6
280 7.64 6.123 1.962 12.01 18.7 23.7 75.9 76.3 108.3 108.6 108.6 108.4 108.5
290 7.64 6.121 1.956 11.97 19.7 24.3 76.7 77.1 109.1 109.3 109.3 109.2 109.2
300 7.46 6.125 1.957 11.99 19.5 24.3 774 77.8 109.6 109.8 109.9 109.8 109.8
310 7.46 6.124 1.961 12.01 19.0 24.0 77.3 7.7 109.5 109.7 109.8 109.6 109.7
320 7.64 6.125 1.961 12.01 18.9 24.0 77.3 7.7 109.5 109.8 109.8 109.6 109.7
330 7.64 6.125 1.960 12.01 18.9 23.9 77.3 7.7 109.4 109.7 109.7 109.5 109.6
340 7.64 6.127 1.956 11.98 18.9 24.0 7.7 78.1 110.0 110.2 110.2 110.0 110.1
350 7.64 6.127 1.959 12.00 18.8 24.1 78.2 78.6 110.4 110.7 110.7 110.5 110.6
360 7.64 6.124 1.958 11.99 18.8 24.0 77.9 78.2 109.8 110.1 110.1 110.0 110.0
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TABLE 25 Raw DATA FOR EXPERIMENTAL RuUN C9
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Time(Min) Pen(W) Vee(V) le(A) Pi(W) T4(°C) Tins(°C) T,(°C) T(°C) Tu(°C) Tr(°C) T(°C) Tu(°C) Tm(°C)
0 10.11 2.055 0.875 1.80 20.8 21.4 20.5 20.5 20.5 20.5 20.5 20.7 20.6
10 10.11 2.055 0.813 1.67 20.5 20.3 40.3 39.9 47.2 475 41.7 47.8 47.6
20 10.11 2.025 0.813 1.65 20.4 20.8 54.3 54.0 60.7 61.1 61.3 61.4 61.1
30 10.16 2.027 0.813 1.65 20.7 224 61.3 60.9 67.4 67.9 68.0 68.1 67.9
40 10.11 2.037 0.813 1.66 20.6 21.3 64.8 64.5 70.7 71.2 71.3 71.5 71.2
50 10.11 2.040 0.813 1.66 20.4 20.6 66.3 66.0 72.0 724 72.6 72.8 72.5
60 10.15 2.038 0.807 1.64 20.3 214 67.5 67.2 73.2 73.6 73.8 73.9 73.6
70 10.13 2.038 0.807 1.64 20.5 22.6 69.3 68.9 74.9 75.4 75.6 75.7 75.4
80 10.17 2.034 0.807 1.64 20.4 21.2 69.7 69.4 75.1 75.6 75.7 75.9 75.6
90 10.20 2.035 0.807 1.64 20.3 20.9 69.8 69.5 75.1 75.6 75.8 75.9 75.6

100 10.24 2.043 0.807 1.65 20.3 21.9 70.2 70.0 75.7 76.2 76.4 76.5 76.2
110 10.29 2.045 0.804 1.64 20.4 22.1 70.9 70.6 76.4 76.9 77.1 7.2 76.9
120 9.95 2.042 0.808 1.65 20.3 21.2 70.5 70.2 75.9 76.3 76.5 76.7 76.4
130 9.97 3.962 1.381 5.47 18.9 21.3 71.8 715 89.0 89.6 89.9 90.0 89.6
140 9.98 4.044 1.404 5.68 19.3 21.3 73.2 72.9 90.3 90.9 91.2 91.3 90.9
150 9.98 4.019 1.387 5.57 19.8 22.3 74.6 744 92.1 92.8 93.0 93.2 92.8
160 9.97 4.018 1.386 5.57 19.1 21.5 75.2 74.9 92.5 93.2 93.5 93.6 93.2
170 9.98 4.015 1.384 5.56 18.8 21.3 75.2 74.9 92.4 93.1 93.4 93.5 93.1
180 10.11 4.012 1.386 5.56 18.5 21.1 75.9 75.6 92.8 93.5 93.8 93.9 93.5
190 10.10 4.010 1.381 5.54 19.4 21.7 76.0 75.7 93.0 93.7 93.9 94.1 93.7
200 10.19 4.007 1.378 5.52 19.6 22.2 76.8 76.5 93.9 94.5 94.8 95.0 94.6
210 10.11 3.986 1.382 551 18.8 214 76.7 76.4 93.5 94.2 94.4 94.6 94.2
220 10.17 4.021 1.392 5.60 18.5 21.1 76.5 76.2 93.6 94.3 94.5 94.7 94.3
230 10.10 4.008 1.380 5.53 18.7 21.2 76.6 76.3 93.5 94.1 944 94.6 94.2
240 10.13 4.001 1.378 551 19.3 21.7 76.8 76.4 93.6 94.3 94.6 94.7 94.3
250 10.15 6.037 1.931 11.66 19.0 21.6 80.7 80.5 108.2 109.1 109.5 109.8 109.2
260 10.15 6.055 1.925 11.66 18.8 21.3 85.7 85.5 113.1 1141 1144 114.6 114.1
270 10.16 6.035 1.919 11.58 18.6 21.3 87.4 87.2 114.2 115.2 115.7 115.8 115.2
280 10.12 6.027 1.917 11.55 18.5 21.3 87.9 87.6 114.7 115.7 116.1 116.2 115.7
290 10.19 6.033 1.919 11.58 18.8 21.4 88.3 88.2 115.1 116.1 116.6 116.6 116.1
300 10.20 6.036 1.919 11.58 19.1 21.6 88.7 88.6 115.6 116.6 117.0 117.1 116.6
310 10.20 6.040 1.919 11.59 18.9 21.6 89.2 88.9 115.9 116.9 117.3 1174 116.9
320 10.16 6.042 1.919 11.59 18.7 21.4 89.2 89.0 116.0 116.9 117.3 1175 116.9
330 10.17 6.044 1.919 11.60 18.7 21.3 89.5 89.3 116.3 117.3 117.7 117.8 117.3
340 10.16 6.045 1.919 11.60 18.5 21.3 89.1 88.9 116.1 117.0 1174 117.6 117.0
350 10.19 6.044 1.919 11.60 18.7 21.4 89.0 88.7 116.0 116.9 117.3 1175 116.9
360 10.20 6.041 1.919 11.59 18.9 21.4 88.9 88.7 115.7 116.7 117.1 117.2 116.7
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