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Objectives:

Using a steel reheating furnace as an example to illustrate the methods of modelling multi-mode heat transfer processes. The session will begin with a simple investigation of the conduction into a steel billet. We will then look at the interaction between thermal conduction and radiation in a furnace, and the effect on process efficiency and heating quality of various design changes. Use of FORTRAN based mathematical models will be demonstrated.

Outline:

1. Description of application.

2. A simple lumped parameter transient heating calculation on a steel billet with a fixed boundary condition.

3. Extension to allow for changing heat flux to billet surface.

4. Demonstration of 1-D finite difference calculation on a steel billet.

5. Description of furnace mathematical model.

6. Demonstration of use of model to predict billet temperatures and efficiency.

Application (Slides 2-8):

· A continuous steel reheating furnace of throughput 90 tonnes per hour of steel billets of length 7m x thickness 88mm to 1100oC.

· Heating time = 60 minutes in a furnace of length 18.6m.

· This requires an average heat flux into the surface of the steel of 136kW/m2.

· Problem is to predict heating profile and temperature differences in the steel at discharge.

· Rapid heating can lead to unacceptable temperature gradients in the steel.

· But slow heating leads to long furnaces and steel subject to excessive oxidation and scale formation. 

Lumped parameter analysis (Slides 10-14):

It is not possible to achieve a constant heat flux into the steel in a furnace, since the steel itself is changing in temperature. A simple analysis with constant furnace temperature and varying radiant flux onto the billet surface predicts that a furnace temperature of 1450 K (1177oC) is required to achieve heating in 60 minutes. The rate of heating of the billet decreases as temperature increases.

1-D Transient Conduction (Slides 15-25): 

A simple 1-dimensional model of the steel billet is demonstrated. The heat conduction is calculated in direction x into a slab of steel which is assumed infinite in the y-z directions for a series of discrete time steps t. The slab is divided into 10 elements (11 nodes). The finite difference equation for non-steady-state conduction is solved numerically to derive the temperature at each node in the solid, and for each time step.

The model allows variation in the boundary conditions (heat flux), it allows thermal properties to vary with temperature, by simply updating them at each time step, and it can be used for multi-layer systems (e.g. billet resting on a refractory hearth).

Results are produced for the billet with a constant heat flux of 136kW/m2 – this produces a temperature difference in the steel (top to bottom) of 210oC.

Results are then produced for a constant furnace temperature of 1450K – this produces a temperature difference in the steel of 85oC. 

Furnace model (Slides 26-43):

A simple furnace comprising of a box held at 1450K will achieve the heat transfer into the steel. The hearth area will need to be ~ 130m2 to produce 90 tonnes per hour of heated product. The hot combustion products in the furnace will exhaust at a temperature > 1450oC. This would yield very poor efficiency of fuel utilisation and high operating cost.

Hence in practice, for this type of application, long furnace is employed which incorporates some load recuperation. The prediction of fuel utilisation then becomes more complex.

The ZONE method is described for a long furnace (Long Furnace Model). This is applied to predict the overall fuel input required to heat the steel.

The model is described as an example of how simplifying assumptions can turn a seemingly intractable mathematical problem into a useful design tool.

A sample output from the LFM is shown in the Appendix.

Time permitting, the model will be run for different fuel input profiles to try and improve on the billet temperature differences at discharge.

Demonstration (Slides 44-49):

Results from the LFM are shown which demonstrate predicted improvement to both the thermal efficiency and the temperature uniformity. Simple analysis using mathematical models can lead to significant cost savings and CO2 emission reduction. 

APPENDIX – Sample Output from Long Furnace Model (profile 1)

 HOTTEL LONG FURNACE MODEL     :   STEADY STATE

 Data file: Input for SSZON Steady-state L.F.M. with axial radtn.                

 Totel exch.areas calc.by Monte Carlo technique                                  

 NPL Case Study                                                                  

          WALL OPTION   (NWALL)     2

          FLOW OPTION   (IFLOW)    CF

          CONV. TO END WALL (ICONV)YE

          RECUPERATOR OPTION (IRC) ER

          NO.OF ZONES IN X DIRECTIONS    =  10

          ZONE LENGTH IN X DIRECTION      =    1.860

          CHAMBER WIDTH IN Y DIRECTION    =    7.600

          LOAD    WIDTH IN Y DIRECTION    =    7.000

          FUEL TYPE (1=Natural Gas;2=Oil) =   1

          EXCESS AIR    %                =    5.00

          RECUPERATOR EFFECTIVENESS   %  =     .00

          HEAT FLUX THRO HEARTH     W\M2 =    1000.

          HEAT FLUX THRO ROOF(+WALLS)W\M2=    1000.

          HEAT FLUX THRO WALLS  W\M2     =   

          EMISSIVITY OF SURFACES : 

          END WALLS ZONES 1 & LAST  .600   .600

          WALLS & ROOF              .600   .800

          LOAD ZONES 1 TO NZONE:

           .800   .800   .800   .800   .800   .800   .800   .800   .800   .800

  Load= MILD STEEL

          METAL THROUGHPUT  KG\HR        =  90000.

          OUTPUT TEMPERATURE  DEG.C      =   1100.

          INLET  TEMPERATURE  DEG.C      =     40.

          BILLET THICKNESS    mm         =    88.0

          BILLET RESIDENCE TIME mins     =     60.

 ZONE NUMBERS >

     1       2       3       4       5       6       7       8       9      10      11      12      13      14      15

ZONE BOUNDARY-HEIGTHS:

  1.10    1.10     .71    1.10    1.10     .71    1.10     .71     .90     .90     .90

 FUEL INPUT KG/S :

   .11486  .00000  .17153  .17153  .00000  .14886  .14886  .00000  .00000  .00000

      PERCENTAGE :

    15.20     .00   22.70   22.70     .00   19.70   19.70     .00     .00     .00

 MASS FLOWS  KG`SEC

  FLUE  : 

  .0000   .0000   .0000   .0000   .0000   .0000   .0000   .0000   .0000 13.9738

  D FLOW  :

 6.3721  6.3721 15.8882 25.4044 16.9362 33.6629 41.9214 27.9476 13.9738

  U FLOW  :

 4.2480  4.2480 10.5921 16.9362  8.4681 22.4419 27.9476 13.9738   .0000

 TEMPERATURES DEG.C

  C.P.1379.   1326.   1400.   1386.   1342.   1337.   1315.   1271.   1230.   1160.

   AIR  15.     15.     15.     15.     15.     15.     15.     15.     15.     15.

  WALL1201.   1160.   1159.   1144.   1093.   1057.   1033.    967.    928.    895.

  SURFACE ZONE 1 =1205.  SURFACE ZONE LAST = 915.

  LOAD1066.   1008.    962.    888.    790.    694.    577.    437.    298.    164.

 LOAD HEAT FLUX  KW/M2 :

    88.8    94.1   118.2   134.6   135.6   143.9   151.4   138.6   124.5   113.3

  BILLET TEMP.PROFILE IN ZONE 1

  1066. 1040. 1015.  993.  974.  957.  943.  933.  925.  920.  918.

  BILLET TEMP.PROFILE IN ZONE 2

  1008.  979.  952.  927.  904.  883.  866.  852.  842.  835.  833.

  BILLET TEMP.PROFILE IN ZONE 3

   962.  924.  890.  858.  829.  804.  783.  767.  756.  749.  747.

  BILLET TEMP.PROFILE IN ZONE 4

   888.  845.  806.  772.  746.  727.  711.  700.  692.  688.  686.

  BILLET TEMP.PROFILE IN ZONE 5

   790.  750.  718.  692.  671.  653.  640.  629.  622.  617.  616.

  BILLET TEMP.PROFILE IN ZONE 6

   694.  658.  628.  602.  581.  563.  549.  538.  530.  526.  524.

  BILLET TEMP.PROFILE IN ZONE 7

   577.  543.  515.  490.  470.  453.  440.  429.  422.  418.  416.

  BILLET TEMP.PROFILE IN ZONE 8

   437.  410.  386.  366.  349.  335.  323.  315.  308.  305.  304.

  BILLET TEMP.PROFILE IN ZONE 9

   298.  276.  256.  239.  225.  213.  203.  196.  191.  187.  186.

  BILLET TEMP.PROFILE IN ZONE10

   164.  145.  128.  114.  102.   92.   84.   78.   73.   71.   70.

  OUTPUT BILLET TEMP.PROFILE

  1099. 1073. 1049. 1028. 1009.  993.  980.  970.  962.  958.  956.

  OUTPUT BILLET TEMP.DIFFERENCE =   143.

 CONV.H.T.COEF   W/M2K :

     5.4     5.9    11.9    14.1    11.8    20.3    23.9    19.0     9.7     9.5

 FUEL CONSUMPTION RATE (GROSS)

    .75563KG/S    1389.4THERMS/H     40.72072MW

 HEAT TRANSFER MW

  16.18451 TO LOAD,    .33424 TO WALL,  20.09882 FLUE LOSS

 GROSS EFFIC.  %  =  39.75   HEAT BALANCE ERR. % =    .08 

