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ABSTRACT: - The design of a certain induction furnace for a certain application depends mostly on empirical formulas and experience. The purpose of this work is to use the Finite Element Method (FEM) approach to perform an electromagnetic-thermal coupled analysis for a suggested coil with certain billet and studying its performance during the heating period. This will lead to the ability of expecting the required coil current and its frequency, to heat certain part of a certain billet to a certain temperature at the predetermined time. Then, the simulation results can be used to build the coil and leads to design the power supply for the induction furnace. The practical measurement of the designed system agrees with that of the theoretical design results. Hence, this approach assists to reduce the design cost, time and efforts for any other required induction furnace.
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LIST OF SYMBOLS
	Symbol
	Description
	Units

	
	Magnetic Vector Potential
	Wbm-1

	B
	Magnetic Flux Density
	Tesla

	
	Specific Heat
	kJ/kg

	E
	Electric Field
	NC-1

	H
	Magnetic Intensity
	Am-1

	J
	Current Density
	Am-2

	k
	Thermal Conductivity
	W/m℃

	Qinduction
	Volume Energy Density
	Jm-3

	T
	Temperature
	℃

	Tair
	Ambient Temperature
	

	Tc
	Time period of one cycle
	s

	Tcurie
	Curie Temperature
	

	Te
	Element Temperature
	

	Tn
	Nodal Temperature
	

	
	Film Coefficient
	W-1

	
	Permitivity
	Fm-1

	
	Effective Relative Permeability
	

	
	Incremental Relative Permeability
	

	
	Emissivity of the Surface
	

	
	Electrical Resistivity
	Ω.m

	
	Electrical Conductivity of the Medium
	Sm-1

	
	Stefan-Boltzmann Constant
	Wm-2K-4



INTRODUCTION:
It is already known that the design of the induction furnace depends mainly on general calculations and on the experience. This makes the design costly, tedious, and a time consuming task. In this research, a suggested approach is considered to design an induction furnace coil and determines the features  of  its power supply, that is suitable to furnish the following requirements; "Heating a required part of a certain billet shape to the required temperature in a required time interval". The suggested approach analysis will lead to design the induction heating system including the induction coil and its power source by determining the following:
1- The suitable induction coil shape.
2- The required induction coil current.
3- The required frequency of the induction coil current.
The above last two results will make it easy for the power supply designer to decide his circuit parameters, so this approach will expect the induction furnace performance theoretically.

THEORETICAL BACKGROUND
i. Electromagnetic Analysis
It is already known that the complex electromagnetic equations can be greatly simplified based on magnetic vector potential[image: ]. All quantities related to the induction Joule heat can be achieved, based on the AC current, I, input to the induction coil. A can be expressed with Biot-Savart’s law (1):
[image: ]………………………………….. (1)
The magnetic flux density B is defined as
[image: ]…………………………………….……. (2)
From Faraday’s law, the electric field intensity [image: ]and magnetic field intensity [image: ]are related by the following equations:
[image: ] …………………………………...… (3)
[image: ]……………………………………….….. (4)
Based on Ampere’s circuital law, the current density, J, induced in work piece is
[image: ]………...………..…...…. (5)
After a mathematical manipulation of the above formulas, the relationship between the magnetic vector potential,[image: ] and the induced current density,[image: ] becomes
[image: ]………………….….. (6)
Finally, Joule heat generated from eddy currents is 
[image: ]………………….....………...…….... (7)
The parameters are the magnetic permeability, permittivity, and electrical conductivity of the medium respectively. These properties are all temperature dependent, and this makes the electromagnetic analysis as a highly nonlinear problem.
ii. Effective Relative Permeability 
The calculation of, must be started from the standard B-H Curve at the ambient temperature. To do so, a function used by Vasiliev [2] for determination of the incremental relative permeability as a function of both T and H used as follows:
 (
………….. (8)
)[image: ]When  
And [image: ]    When  
[image: ] : represents the incremental relative permeability for each (H) as a function of temperature T and field intensity H.	
[image: ]: represents the incremental relative permeability for each (H) as a function of H at.
Razzaq (3), provides the B-H curve at room temperature for Steel C45 (SAE 1045) as a magnetization curve drawn to be as shown in Figure (1). Curie temperature for steel C45 is.
The incremental relative permeability [image: ] calculated from the given B-H data at  for certain value of H as [image: ] and substituted in (9) for the required value of T the result will be [image: ] for that value of H for the required temperature. Then [image: ]for the required value of T can be determined since,[image: ], then, by dividing the main B-H curve for many steps and the incremental relative permeability calculated for each step, a new B-H curve for any value of T can be achieved sequentially for different temperatures for the carbon steel C45.
In order to avoid the nonlinearity of the magnetic characteristics during the transient analysis, Fathil (4) presents the idea of average permeability to achieve the effective relative permeability. This idea states that, because neither B nor (H) is sinusoidal, considering the case of B is sinusoidal only, while H will have a distorted shape due to B-H non linearity the average permeability will be
………… (9)
Where[image: ]: represents the distorted time variation of the field intensity. 
[image: ]   : represents the time period of one cycle.
In the case of considering H is sinusoidal only, while B will have a distorted shape due to (B-H) non linearity the average permeability will be
…….…..… (10)
Considering[image: ], representing the distorted time variation of the flux density.
Since, in the real case B and H are non-sinusoidal; therefore averaging both permeabilities would be a reasonable approximation to the effective permeability, then
…….….. (11)
Using (11), the effective relative permeability as a function of H and T can be determined. It is clear that Fathil’s method deals carefully with low intensity region.
iii. Thermal Analysis
Thermal analysis includes conduction, convection and radiation. The heating process is coupled with the electromagnetic conversion process. In the heating process, the conduction equation is (2),
[image: ]  …...… (12)
Where:  [image: ] is the Joule heat achieved from the electromagnetic process, which is known as HGEN in ANSYS terminology.
	On the surfaces of work piece, the heat conduction, radiation and free convection effects are all needed. The governing equation is,
 ………… (13)
: Represents the ambient temperature.


THE MODEL
The designed furnace in this research is no more than a laboratory prototype used to verify the proposed approach, so it is not designed for certain application. The longitudinal cross-section of the furnace coil and its core that considered as a cylindrical billet are shown in Fig. (2). Table (1) represents the dimensions of the furnace and the billet.
	Electromagnetic-thermal coupled analysis on the model by using ANSYS 13 computer package. The electromagnetic analysis is a steady state analysis considers the nonlinear magnetizing characteristics of the Steel C45 billet, while the electromagnetic-thermal coupled analysis is a transient analysis considers the effective relative permeability. Both analyses are done using sinusoidal steady state coil current of 100A, and frequency of 50 kHz. 
	Figures (3, 4, and 5) represent the flux density, current density and joule heat distribution on the periphery surface through the points (a, b, c). 
The flow chart shown in Figure (6) represents the algorithm used in the electromagnetic-thermal coupled analysis to study the transient behavior of the billet during the heating process, until the required temperature achieved, (Refer to Appendix-A for FEM modeling).
Figure (7) shows the transient analysis of the temperature versus time for the four nodes (a, b, c, d). The simulation results show that the highest temperature on the surface at node (d), which reaches 738.24oC after 13 minutes of operation as shown in Fig. (8).

THE FURNACE IMPLEMENTATION
	The above results lead to design the single phase inverter to supply the required sinusoidal current with a frequency of 50 kHz. Integrated Gate Commutated Thyristors (IGCTs) (6) avoided in this research due to a low power prototype, while the half bridge inverter circuit designed to feed the induction furnace coil as shown in figure (9). Orcad 16.2 software package used to simulate the half-Bridge inverter to supply the furnace with the required current and frequency as shown in Figure (10). The expected voltage and current shown in Figures (11, 12) (7, 8).

THE PRACTICAL RESULTS
It is clear that the practical measurements agree with the simulated results, which means that the design approach do well. In spite of the absence of the application for this laboratory type furnace, but it gives an approval for the simulation procedure and encourages going forward in any other design.
	This design implemented as shown in figure (13) and feeds the designed coil with 100A, 50 kHz during 13 minutes. The furnace coil shown in figure (14), during the heating process. The temperature measured with a thermal infrared camera. The simulation and practical temperature rise during the heating time curves shown in figure (15).

DISCUSSION

The achievement of this work is an algorithm aids in the design of an induction furnace for any application instead of the trial and error method, to avoid high costs and time consuming. It is found that the simulation of the heating process is too complicated due to the non-uniform distribution of the eddy current which leads to non-uniform heat distribution inside the billet. This non-uniform heat distribution leads to change the temperature dependent physical characteristics of the material are like; electrical resistivity, effective relative permeability, thermal conductivity  The measured results for the designed inverter and the designed induction coil of the induction heating system matched well with the simulation results. This means that this approach can be used to design any other required furnace easily and with lower cost as compared with the conventional method. 
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Table (1): represents the dimensions of the furnace and the billet.

	Part
	Dimension
	Material

	No. of turns
	11
	Copper

	External coil radius
	50mm
	

	Internal coil radius
	80mm
	

	Coil height
	1100mm
	

	Billet radius
	12.5mm
	Steel C45

	Billet height
	100mm
	






Figure: (1): The magnetization curve for steel C45 at room temperature.

[image: ]
Figure (2): Longitudinal Cross-section for the billet and coil side.










Figure: (3): the billet surface flux density distribution













Figure (4): The billet surface eddy current density distribution.


Figure: (5): The billet surface joule heat distribution
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Figure: (6):.The flow chart of the heating process simulation.
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Figure: (7): The temperature rises during the heating process for the points a, b, c, and d
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Figure: (8): The temperature distribution inside the billet
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Figure (9): Half-Bridge inverter.

[image: ]
Figure (10): The simulated half-bridge inverter circuit
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Figure (11): The load current (IL) and collector-emitter (VCE) versus time.
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Figure (12): Load current (IL) and load voltage (VL) versus time.
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Figure (13): The laboratory inverter circuit.  
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Figure (14): It represents the increase in billet temperature, during the heating process.









Figure (15): The theoretical and practical measurements of the top surface show the rise of temperature versus time during the heating process.

Appendix-A
The Modeling of Induction Furnace using FEM












The Modeling of Induction Furnace using FEM


Figure (A-1): Orientation of the furnace due to the axes















Figure (A-2): The x-y representation of the furnace with the boundary region.
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Figure (A-3): The section considered in calculations.
















Figure (A-4): Mesh of the model by element PLANE53 and element INFIN110.












Figure (A-5): Meshing the billet such that the area of the elements very small near the surface in order to increase the accuracy of the electromagnetic analysis
Note:  Thermal analysis done using the above mesh, but the elements replaced by PLANE55 which has the ability to measure the temperature distribution inside the core due to HGEN. While to measure the radiated energy due to emission and that due to convection, surface element SURF151 used for this purpose as shown in figure (6-A) (a, b).


Surface elements type SURF151 for thermal analysis (a)



(b) Enlarged scale to show surface element and its nodes
Figure (A-6): (a, b) represents the surface element SURF151 which is composed of three nosed. Two nodes on the external surface of the billet to calculate the emission of radiated energy, while the third node in space to calculate the convection in space around the billet. 
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يعتمد تصميم فرن حثي لأنجاز غرض معين في الغالب على الخبرة و المعادلات التطبيقية. ألغاية من هذا العمل هي استخدام أسلوب (طريقة العنصر المحدد) (FEM) لأنجاز التحليلات المغناطيسية المقرنة بالحرارية لملف مقترح لحشوة (عينة) معينة و دراسة أدائه خلال فترة التسخين. أن هذا سيؤدي الى اكساب القابلية على توقع تيار الملف و تردده المطلوبين لتسخين جزء معين من عينة معينة الى درجة حرارة معينة في فترة زمنية محدده مسبقا. من ثم، سيمكننا استخدام نتائج التمثيل لبناء ملف الفرن و سترشدنا الى تصميم مجهز القدرة للفرن الحثي. أن النتائج العملية للمنظومة المصممة توافقت مع التصميم النظري. لذلك، فأن هذا الأسلوب يساعد لتقليل الوقت و الجهد و الكلفة لبناء أي فرن حثي آخر مطلوب.
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Flux Density (T)
Current Density Distribution at the Top and Side Surfaces of the Billet
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Current Density ( Am-2)

Joule Heat for the Top and Side Surfaces of the Billet
JHT	8.3333300000000027E-2	0.1666666	0.24999990000000086	0.33333320000000038	0.41666650000000038	0.49999980000000038	0.58333309999999727	0.66666639999999999	0.74999970000000238	0.83333299999999821	0.91666629999999949	0.99999959999999999	1.0833329	1.1666661999999999	1.2499994999999928	1.3333328	1.4166660999999952	1.4999993999999923	1.5833326999999962	1.666666	1.7499992999999912	1.8333325999999999	1.9166658999999999	1.9999991999999998	2.083332500000008	2.1666657999999988	2.2499991000000001	2.3333323999999998	2.416665699999986	2.4999989999999968	2.5833323000000012	2.6666655999999977	2.7499989	2.8333322000000001	2.9166654999999833	2.9999987999999997	3.0833321000000002	3.1666653999999967	3.2499986999999999	3.333332	3.4166652999999902	3.4999985999999987	3.583331900000009	3.6666651999999926	3.7499984999999998	3.8333318000000012	3.9166650999999861	3.9999983999999977	4.0833316999999996	4.1666650000000001	4.2499982999999997	4.3333316000000002	4.4166648999999998	4.4999982000000003	4.5833314999999999	4.6666647999999995	4.7499981000000124	4.8333313999999996	4.9166647000000134	4.9999979999999997	5.0833313000000002	5.1666645999999945	5.2499979000000003	5.3333311999999999	5.4166645000000004	5.4999978	5.5833310999999997	5.6666644000000002	5.7499976999999998	5.8333310000000003	5.9166642999999999	5.9999976000000004	6.0833309	6.1666641999999996	6.2499975000000001	6.3333307999999997	6.4166641000000153	6.4999973999999998	6.5833307000000003	6.6666639999999999	6.7499972999999995	6.8333306	6.9166639000000192	6.9999972000000001	7.0833304999999998	7.1666638000000003	7.2499970999999999	7.3333303999999995	7.4166637000000275	7.4999969999999996	7.5833303000000001	7.6666635999999997	7.7499969000000002	7.8333301999999998	7.9166635000000172	7.9999967999999999	8.0833301000000013	8.1666634000000009	8.2499967000000005	8.3333300000000001	8.4166633000000015	8.4999966000000047	8.5833299000000007	8.6666632000000003	8.7499965	8.8333297999999996	8.916663100000001	8.9999964000000006	9.0833297000000002	9.1666630000000016	9.2499963000000012	9.333329599999999	9.4166629000000004	9.4999962000000266	9.5833294999999996	9.6666628000000028	9.7499961000000006	9.8333294000000002	9.9166627000000016	9.9999960000000048	10.083329300000001	10.1666626	10.2499959	10.3333292	10.416662500000006	10.499995800000002	10.5833291	10.6666624	10.749995699999999	10.833328999999999	10.9166623	10.9999956	11.0833289	11.166662200000006	11.249995500000001	11.333328799999999	11.4166621	11.4999954	11.583328699999999	11.666662000000002	11.7499953	11.8333286	11.916661900000001	11.999995200000004	12.083328499999999	12.1666618	12.2499951	12.333328399999999	12.416661700000001	12.499995	12.5833283	12.666661600000001	12.749994900000001	12.833328199999999	12.9166615	12.999994800000024	13.083328099999999	13.166661400000001	13.2499947	13.333328	13.416661300000001	13.499994600000004	13.5833279	13.6666612	13.7499945	13.833327799999999	13.916661100000001	13.9999944	14.0833277	14.166661	14.249994300000001	14.333327600000001	14.4166609	14.499994200000026	14.583327499999999	14.666660800000002	14.7499941	14.8333274	14.9166607	14.999994000000004	15.083327300000001	15.1666606	15.2499939	15.333327199999999	15.416660500000004	15.4999938	15.5833271	15.6666604	15.749993699999999	15.833327000000001	15.9166603	15.9999936	16.083326899999886	16.166660199999999	16.249993499999999	16.333326799999988	16.416660100000001	16.499993400000001	16.583326699999915	16.66666	16.7499933	16.833326599999989	16.916659899999942	16.999993199999999	17.083326499999924	17.166659799999987	17.249993100000001	17.333326400000001	17.4166597	17.499993	17.583326299999893	17.666659599999942	17.749992899999931	17.833326199999988	17.916659500000002	17.999992799999987	18.083326099999915	18.1666594	18.2499927	18.333326	18.416659299999989	18.499992599999931	18.583325899999924	18.666659199999987	18.749992499999987	18.833325800000001	18.9166591	18.9999924	19.0833257	19.166658999999999	19.249992299999938	19.333325599999988	19.416658899999987	19.499992199999987	19.583325499999987	19.6666588	19.7499921	19.833325400000035	19.916658699999999	19.999991999999999	20.083325299999924	20.166658599999987	20.249991900000001	20.333325200000001	20.4166585	20.4999918	20.5833251	20.666658399999999	20.749991699999999	20.833324999999999	20.916658299999987	20.999991600000001	21.083324899999916	21.166658200000001	21.2499915	21.3333248	21.416658099999999	21.499991399999999	21.583324699999931	21.666657999999988	21.749991300000001	21.833324600000001	21.916657900000001	21.9999912	22.083324499999989	22.166657799999999	22.249991099999999	22.333324399999999	22.416657699999988	22.499991000000001	22.583324299999916	22.666657600000001	22.7499909	22.8333242	22.916657499999999	22.999990799999999	23.083324099999931	23.166657399999988	23.249990700000001	23.333324000000001	23.416657300000001	23.4999906	23.583323899999904	23.6666572	23.749990499999999	23.833323799999999	23.916657099999988	23.999990400000005	24.083323699999919	24.166657000000001	24.2499903	24.3333236	24.4166569	24.499990199999999	24.583323499999931	24.666656799999988	24.749990099999987	24.833323400000001	24.916656700000001	24.99999	25.083323299999904	25.1666566	25.249989899999989	25.333323199999999	25.416656499999988	25.499989799999987	25.583323099999923	25.666656400000001	25.7499897	25.833323	25.9166563	25.999989599999989	26.083322899999885	26.166656199999988	26.249989499999987	26.333322799999987	26.416656100000001	26.4999894	26.583322699999904	26.666656	26.749989299999989	26.833322599999939	26.916655899999999	26.999989199999987	27.083322499999923	27.166655800000001	27.249989100000001	27.3333224	27.416655700000035	27.499988999999999	27.583322299999885	27.666655599999999	27.749988899999988	27.833322199999987	27.916655500000001	27.999988800000001	28.083322099999904	28.166655400000035	28.249988699999999	28.333321999999999	28.416655299999999	28.499988599999988	28.583321899999923	28.666655200000001	28.749988500000001	28.8333218	28.916655100000035	28.999988399999999	29.083321699999942	29.166654999999999	29.249988299999988	29.333321599999987	29.416654900000001	29.499988200000001	29.583321499999986	29.6666548	29.749988099999999	29.833321399999999	29.916654699999999	29.999987999999988	30.08332129999992	30.166654600000001	30.249987900000001	30.3333212	30.4166545	30.4999878	30.583321099999942	30.666654399999999	30.749987699999988	30.833320999999987	30.916654300000001	30.999987600000001	31.083320899999908	31.1666542	31.2499875	31.333320799999999	31.416654099999999	31.499987399999988	31.58332069999992	31.666654000000001	31.749987300000001	31.8333206	31.9166539	31.9999872	32.083320499999999	32.166653800000013	32.249987099999998	32.333320400000005	32.416653699999998	32.499987000000004	32.583320300000011	32.666653600000011	32.749986900000003	32.833320200000003	32.916653499999995	32.999986800000002	33.083320100000002	33.166653400000001	33.249986700000001	33.333320000000001	33.4166533	33.4999866	33.583319900000063	33.666653200000013	33.749986499999999	33.833319800000012	33.916653099999998	33.999986400000004	34.083319700000011	34.166653000000011	34.249986300000003	34.333319600000003	34.416652900000003	34.499986200000002	34.583319500000002	34.666652800000129	34.749986100000001	34.833319400000001	34.9166527	34.999986	35.083319300000063	35.166652600000013	35.249985900000013	35.333319200000012	35.416652499999998	35.499985800000012	35.583319100000011	35.666652400000011	35.749985700000003	35.833319000000003	35.916652300000003	35.999985600000002	36.08331890000013	36.166652200000129	36.249985500000001	36.333318800000114	36.4166521	36.4999854	36.583318700000063	36.666652000000013	36.749985300000013	36.833318600000013	36.916651899999998	36.999985200000012	37.083318500000011	37.166651800000011	37.249985100000011	37.33331840000001	37.416651699999996	37.499985000000002	37.58331830000013	37.666651600000002	37.749984900000001	37.833318200000114	37.916651499999944	37.9999848	38.083318100000113	38.166651400000006	38.249984699999999	38.333318000000013	38.416651299999998	38.499984599999998	38.583317900000011	38.666651200000011	38.749984499999997	38.833317800000003	38.916651099999996	38.999984400000002	39.083317700000002	39.166651000000002	39.249984300000001	39.333317600000001	39.4166509	39.4999842	39.5833175	39.666650800000063	39.749984099999999	39.833317400000006	39.916650699999998	39.999984000000005	40.083317300000012	40.166650600000011	40.249983900000011	40.333317200000003	40.416650499999996	40.499983800000003	40.583317100000002	40.666650400000002	40.749983700000001	40.833317000000001	40.916650300000001	40.9999836	41.083316900000113	41.166650200000063	41.249983499999999	41.333316800000013	41.416650099999998	41.499983400000005	41.583316700000012	41.666650000000011	41.749983300000011	41.833316600000003	41.916649899999996	41.999983200000003	42.083316500000002	42.166649800000002	42.249983100000001	42.333316400000001	42.416649699999994	42.499983	42.583316300000114	42.6666496	42.749982900000013	42.833316200000013	42.91664949999987	42.999982800000012	43.083316100000012	43.166649400000004	43.249982700000011	43.333316000000011	43.416649299999996	43.499982600000003	43.583315900000137	43.666649200000002	43.749982500000002	43.833315800000129	43.916649099999994	43.9999824	44.083315700000114	44.166649	44.249982300000013	44.333315600000013	44.416648899999998	44.499982200000012	44.583315500000012	44.666648800000011	44.749982100000011	44.833315400000011	44.916648699999996	44.999982000000003	45.083315300000137	45.166648600000002	45.249981900000002	45.333315200000129	45.416648499999994	45.4999818	45.583315100000114	45.6666484	45.749981699999999	45.833315000000013	45.916648299999999	45.999981599999998	46.083314900000012	46.166648200000012	46.249981499999997	46.333314800000011	46.416648099999996	46.499981400000003	46.583314700000003	46.666648000000002	46.749981300000002	46.833314600000001	46.916647899999994	46.999981200000001	47.0833145	47.1666478	47.249981099999999	47.333314400000006	47.416647699999871	47.499981000000005	47.583314300000012	47.666647599999997	47.749980900000011	47.833314200000011	47.91664749999984	47.999980800000003	48.083314100000003	48.166647400000002	48.249980700000002	48.333314000000001	48.416647299999994	48.499980600000001	48.583313900000114	48.6666472	48.749980499999999	48.833313800000013	48.916647099999871	48.999980400000005	49.083313700000012	49.166647000000005	49.249980300000011	49.333313600000011	49.416646899999996	49.499980200000003	49.583313500000003	49.666646800000002	49.749980100000002	49.833313400000002	49.916646699999994	49.999980000000001	50.083313300000114	50.1666466	50.249979900000113	50.333313200000013	50.416646499999878	50.499979800000013	50.583313100000012	50.666646400000005	50.749979700000011	50.833313000000011	50.916646299999996	50.999979600000003	51.083312900000159	51.166646200000002	51.249979500000002	51.33331280000013	51.416646099999994	51.499979400000001	51.583312700000114	51.666646	51.749979300000113	51.833312600000063	51.916645899999999	51.999979200000013	52.083312500000012	52.166645800000012	52.249979100000012	52.333312400000011	52.416645699999997	52.49997900000001	52.583312300000159	52.666645600000003	52.74997890000013	52.83331220000013	52.916645499999994	52.999978800000122	53.083312100000114	53.1666454	53.249978700000113	53.333312000000063	53.416645299999999	53.499978600000013	53.583311900000012	53.666645200000012	53.749978500000012	53.833311800000011	53.916645099999997	53.99997840000001	54.083311700000003	54.166645000000003	54.249978300000137	54.333311600000002	54.416644899999994	54.499978200000122	54.583311500000001	54.6666448	54.749978100000114	54.833311400000007	54.916644699999885	54.999978000000013	55.083311300000013	55.166644599999998	55.249977900000012	55.333311200000011	55.41664449999984	55.499977800000003	55.583311100000003	55.666644400000003	55.749977700000002	55.833311000000002	55.916644299999994	55.999977600000001	56.083310900000114	56.1666442	56.2499775	56.333310800000113	56.416644099999885	56.499977400000006	56.583310700000013	56.666644000000005	56.749977300000012	56.833310600000011	56.916643899999997	56.999977200000011	57.083310500000003	57.166643800000003	57.249977100000002	57.333310400000002	57.416643699999995	57.499977000000001	57.583310300000115	57.6666436	57.749976900000114	57.833310200000113	57.916643499999886	57.999976800000013	58.083310100000013	58.166643400000005	58.249976700000012	58.333310000000012	58.416643299999997	58.499976600000011	58.583309900000003	58.666643200000003	58.749976500000002	58.833309800000002	58.916643099999995	58.999976400000001	59.083309700000001	59.166643000000001	59.249976300000114	59.3333096	59.416642899999999	59.499976200000013	59.583309499999999	59.666642800000012	59.749976100000012	59.833309400000005	59.916642699999997	59.999976000000011	60.083309300000003	60.166642600000003	60.249975900000145	60.333309200000002	60.416642499999995	60.499975800000129	60.583309100000001	60.666642400000001	60.749975700000114	60.833309	60.916642299999999	60.999975600000013	61.083308900000013	61.166642200000013	61.249975500000012	61.333308800000012	61.416642099999997	61.499975400000011	61.583308700000003	61.666642000000003	61.749975300000145	61.833308600000002	61.916641899999995	61.999975200000129	62.083308500000001	62.166641800000001	62.249975100000114	62.3333084	62.416641699999886	2619.5	12852	31176	51258	69099	89938	116490	147790	184430	226430	272900	323800	378680	436420	497700	563340	633560	708370	787780	871640	960100	1053100	1150700	1252800	1359400	1470800	1587300	1708600	1834600	1965500	2101000	2241900	2388500	2540600	2698100	2861100	3029700	3204000	3384300	3570500	3762700	3961100	4165700	4376700	4594000	4818000	5048500	5285900	5530000	5781200	6039400	6304900	6578000	6858400	7146900	7443100	7747200	8060300	8381700	8711700	9050900	9399100	9756800	10124000	10501000	10889000	11286000	11694000	12113000	12543000	12983000	13436000	13900000	14376000	14864000	15365000	15879000	16406000	16948000	17504000	18076000	18662000	19264000	19883000	20518000	21172000	21845000	22537000	23248000	23979000	24731000	25504000	26299000	27116000	27956000	28819000	29707000	30620000	31558000	32523000	33516000	34537000	35589000	36671000	37786000	38934000	40118000	41339000	42598000	43896000	45236000	46619000	48047000	49521000	51045000	52618000	54246000	55928000	57670000	59472000	61339000	63274000	65280000	67361000	69522000	71766000	74100000	76530000	79062000	81703000	84461000	87345000	90366000	93535000	96864000	100370000	104070000	107970000	112120000	116520000	121220000	126260000	131680000	137540000	144030000	150940000	159820000	168280000	167370000	193500000	219420000	240380000	249370000	255000000	261390000	267030000	272430000	277520000	282390000	287050000	291530000	295870000	300060000	304140000	308100000	311970000	315740000	319430000	323040000	326580000	330050000	333460000	336810000	340110000	343350000	346550000	349690000	352790000	355850000	358860000	361830000	364760000	367650000	370510000	373330000	376110000	378860000	381580000	384260000	386910000	389540000	392130000	394690000	397220000	399730000	402210000	404670000	407100000	409500000	411890000	414250000	416580000	418900000	421190000	423460000	425710000	427950000	430160000	432350000	434530000	436690000	438830000	440950000	443050000	445140000	447210000	449260000	451290000	453310000	455310000	457290000	459250000	461200000	463130000	465050000	466940000	468820000	470690000	472540000	474370000	476180000	477980000	479760000	481520000	483270000	485010000	486730000	488430000	490120000	491790000	493450000	495100000	496730000	498340000	499950000	501540000	503110000	504680000	506230000	507760000	509290000	510800000	512300000	513780000	515260000	516720000	518170000	519600000	521030000	522440000	523840000	525240000	526610000	527980000	529340000	530680000	532020000	533340000	534650000	535960000	537250000	538530000	539800000	541060000	542310000	543550000	544780000	545990000	547200000	548400000	549590000	550770000	551950000	553110000	554260000	555400000	556530000	557660000	558770000	559880000	560980000	562070000	563150000	564220000	565280000	566330000	567380000	568420000	569440000	570470000	571480000	572480000	573480000	574470000	575450000	576420000	577390000	578340000	579290000	580240000	581170000	582100000	583020000	583930000	584840000	585740000	586630000	587510000	588390000	589260000	590120000	590980000	591830000	592670000	593510000	594340000	595160000	595980000	596790000	597600000	598400000	599190000	599970000	600750000	601530000	602290000	603060000	603810000	604560000	605310000	606040000	606780000	607500000	608220000	608940000	609650000	610350000	611050000	611750000	612440000	613120000	613800000	614470000	615140000	615800000	616460000	617110000	617760000	618400000	619040000	619670000	620300000	620930000	621540000	622160000	622770000	623370000	623970000	624570000	625160000	625750000	626330000	626910000	627480000	628050000	628620000	629180000	629740000	630290000	630840000	631380000	631920000	632460000	632990000	633520000	634050000	634570000	635080000	635600000	636110000	636610000	637120000	637610000	638110000	638600000	639090000	639570000	640050000	640530000	641000000	641470000	641940000	642400000	642860000	643320000	643770000	644220000	644670000	645120000	645560000	645990000	646430000	646860000	647290000	647710000	648130000	648550000	648970000	649380000	649790000	650200000	650600000	651000000	651400000	651800000	652190000	652580000	652970000	653350000	653730000	654110000	654490000	654860000	655230000	655600000	655970000	656330000	656690000	657050000	657410000	657760000	658110000	658460000	658810000	659150000	659490000	659830000	660160000	660500000	660830000	661160000	661490000	661810000	662130000	662450000	662770000	663090000	663400000	663710000	664020000	664330000	664630000	664940000	665240000	665540000	665830000	666130000	666420000	666710000	667000000	667280000	667570000	667850000	668130000	668410000	668690000	668960000	669230000	669500000	669770000	670040000	670310000	670570000	670830000	671090000	671350000	671610000	671860000	672110000	672360000	672610000	672860000	673110000	673350000	673590000	673830000	674070000	674310000	674550000	674780000	675010000	675240000	675470000	675700000	675930000	676150000	676370000	676590000	676810000	677030000	677250000	677460000	677680000	677890000	678100000	678310000	678520000	678720000	678930000	679130000	679330000	679530000	679730000	679930000	680130000	680320000	680520000	680710000	680900000	681090000	681280000	681460000	681650000	681830000	682020000	682200000	682380000	682560000	682740000	682910000	683090000	683260000	683430000	683610000	683780000	683940000	684110000	684280000	684440000	684610000	684770000	684930000	685090000	685250000	685410000	685570000	685720000	685880000	686030000	686180000	686340000	686490000	686630000	686780000	686930000	687080000	687220000	687360000	687510000	687650000	687790000	687930000	688060000	688200000	688340000	688470000	688610000	688740000	688870000	689000000	689130000	689260000	689390000	689520000	689640000	689770000	689890000	690010000	690130000	690260000	690380000	690490000	690610000	690730000	690850000	690960000	691070000	691190000	691300000	691410000	691520000	691630000	691740000	691850000	691950000	692060000	692160000	692270000	692370000	692470000	692580000	692680000	692780000	692870000	692970000	693070000	693160000	693260000	693350000	693450000	693540000	693630000	693720000	693810000	693900000	693990000	694080000	694160000	694250000	694340000	694420000	694500000	694590000	694670000	694750000	694830000	694910000	694990000	695060000	695140000	695220000	695290000	695370000	695440000	695510000	695590000	695660000	695730000	695800000	695870000	695940000	696000000	696070000	696140000	696200000	696270000	696330000	696390000	696460000	696520000	696580000	696640000	696700000	696760000	696820000	696870000	696930000	696980000	697040000	697090000	697150000	697200000	697250000	697300000	697350000	697400000	697450000	697500000	697550000	697600000	697640000	697690000	697730000	697780000	697820000	697860000	697910000	697950000	697990000	698030000	698070000	698110000	698140000	698180000	698220000	698250000	698290000	698320000	698360000	698390000	698420000	698450000	698490000	698520000	698550000	698580000	698600000	698630000	698660000	698680000	698710000	698740000	698760000	698780000	698810000	698830000	698850000	698870000	698890000	698910000	698930000	698950000	698970000	698980000	699000000	699020000	699030000	699050000	699060000	699070000	699090000	699100000	699110000	699120000	699130000	699140000	699150000	699150000	699160000	699170000	699170000	699180000	699180000	699190000	699190000	699190000	699200000	699200000	699200000	Distance (mm)
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(a) At the top center. (b) At 12.5 mm from center. (c) At the
middle of the billet side S0mm from (b). (d) At the middle of the
cross-sectional area.
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