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The main use of this module is to estimate total heat loss or draw the temperature profile
of a wall or reactor. However, it can also be used to compare different materials and
different setups, for example the use of insulation when a material has a critical
maximum temperature or when the outside air cannot exceed a certain temperature. The
conduction, convection and radiation databases also provide a resource as simple
reference tables for material properties. Figure 1 shows an example of a heat loss wall

calculation for a smelting reactor with the temperature profile shown in rows 9 and 10.

% Heat Transfer Calculations C:\Hsc5%\Heatloss\Smeltingl HTR
File Edit “iew Inzert Delete Faormat Calculate  Target Diagram  Help
e [1200

Properties | Tnits 1 | 2 | 3 | 4 | £a
Column Type: Surface Layer Surface |
Material: Molien metal REXAL 25 EXTRA Waiter, Copper elements cooling
Surface Material:
Thickness x m 1.000
Surface Area A me 1.000 1.000 1.000
Conduction k (mean) "Wim °C) 3942
Surface Comvection he |Wiim2*C) 144 000 2400000
Surface Radiation by Wim2°C) 0.000 0.000
Left (inner) T = IEDD! 1171 22
|Right (ouier) T “C 1171 22 20
Thermal Resistance  |°C/0W f 270234 0417
Heat Flux EWim? 4251 4151 4351
Caleulation Grid 1n
Distance m 0.000 1.000 1.000 -
4 | w [\, Smelting 12007 A Smefing 1400° A Smefting 1600 /7 | | LH
—Get Data for Column: TOTAL HEAT FLOW: I 4051 Ik'w' j — Calculate:

Eonduction Temperature profile
Convection Shape and Dimensions: Heat Fow
— il Ciraty | "Wwidth 1.0 —
Radiation [surface) ' Cube Length 10 B worscon |
Radiation [gas) ¢ Cylinder
H adiation [particles] " Sphere
E xit | Fix ¥alue | Diagram T able | Draw Diagram |

Figure 1: Heat Loss calculation example of a smelting reactor wall.

The basic concept of the module is that the user specifies the system setup by selecting
the geometry of the object, inserting columns, specifying a material for each column,
specifying thicknesses (if any) and entering either one temperature point and a total heat
loss or two arbitary temperature points within the same sheet. From these inputs the
program can calculate either the temperature profile or the total heat loss. The
temperature profile (profiles) can then be plotted graphically.
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The main workbook is very similar to Excel-type worksheets in terms of the properties
that can be found in the menu and also most of the Excel worksheet functions are
available.

The new Heat Loss module may be used, for example, to estimate heat loss values
needed in the Balance module. The user must first specify the column types, which can
be Layer, Layer contact, Surface and Enclosure. The thickness must be specified for
Layer and Enclosure columns, while Layer contact and Surface columns have zero
thickness. Two basic types of calculations may be carried out:

1. Temperature profile with fixed heat loss and one temperature point.
2. Heat Loss with two fixed temperature points. This will return the heat loss but also
the temperature profile.

The calculation routine handles conduction, convection and radiation properties as
functions of temperature but fixed values may also be used by selecting the value and
pressing the Fix Value button. These fixed values are shown in red on the calculation
sheet.

Temperature profile as well as some other user specified values may also be presented in
graphical form. Target dialog may be used to find, for example, minimum layer
thickness. The calculation specifications may be saved to files for later use.

12.1 Basic Calculation Procedure
1. Select geometry.

To select the choice of geometry, click on the desired option button in the frame
Shape and Dimensions. The available options are wall, cube, cylinder and sphere.
It is highly recommended to start the calculations with a simple wall case and then
to continue with more complicated shapes later.

2. Select dimension.

When selecting the geometry, appropriate dimension textboxes automatically pop
up. The dimensions are always inner dimensions.

3. Insert new column.

The user may specify the layout of the heat transfer object by selecting Insert
from the menu bar and then the desired column type. There are four types of
columns: Surface, Enclosure, Layer and Layer contact. Surface columns must
be inserted to the left and/or to the right of the other columns. Enclosure columns
must be inserted between two Layer columns. Finally Layer contact, Enclosure
and Layer columns must all be inserted between Surface columns.

4. Specify heat transfer type.

You can select the type of heat transfer to study in two ways: either manually or
using the database.
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Manually:

1.

2.

Write the name of the material/gas/liquid on the second row of the table in the
current column.
Select the desired heat transfer factor:
— Layer column: Enter the mean conductivity for the material (k) on row 6.
— Surface column: Enter the convection and/or the radiation coefficient
(he and/or hy) on row 7 and/or row 8. It is also possible to specify the

emissivities and/or absorptivities on rows 20-23, in this case please make
sure that the radiation coefficient is unfixed.

— Layer contact column: Enter the thermal resistance on row 11.

— Enclosure column: Enter the convection coefficient on row 7 and/or the
radiation coefficient on row 8. It is also possible to specify the emissivities
on the adjacent layer columns, in this case please make sure that the
radiation coefficient is unfixed.

. For each value entered press the Fix Value button, unless the value is already

fixed. By doing this the program will use these given values, indicated by a red
font, when calculating instead of the database values.

Using the database:

1.

Press the corresponding button in the frame Get Data for Column:

— Layer column: Conduction button.

Surface column: Convection or Radiation button.

Enclosure column: Convection or Radiation button (radiation for adjacent
layer columns).

To specify the desired material/gas/liquid, place the cursor on top of it and
press Select. Now the data for the material will be transferred automatically
to the column on the main sheet where the cursor is located. Note that
sometimes several database sheets are available, for example the convection
table or function sheet. You will know that the data has been transferred
from the database sheet to the calculation sheet, once the selected material
name appears on the material name rows 2 or 3.

5. Specify thicknesses.

Type the Thickness x on row 4 for every Layer and Enclosure column. Surface
and Layer contact columns have zero thickness.

6. Repeat steps 3, 4 and 5 until the desired layout is achieved.

7. Calculate results.

To calculate results for a cylinder or cube, first select whether to calculate all
sheets or just the active sheet, by pressing the appropriate option button in the
Calculate frame. By, for example, calculating only the wall sheet of a cylinder,
pipe calculations can be obtained. The two basic calculation types are:

Temperature Profile (press the Temperature profile button):
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— Specify the total heat loss by selecting the appropriate unit (W, kW or MW)
and by typing the heat loss in the textbox.

— Specify one fixed temperature point by the cursor.

— For cube or cylinder geometry, specify calculation range by selecting either
Calculate all sheets (calculates all walls) or Calculate active sheet (calculates
active wall) from the option buttons.

— Note that when calculating all sheets, the temperature profiles will be iterated
so that the temperatures in the first columns (inside temperatures), as well as
the outside temperatures, are the same for all sheets.

Heat Flow (press the Heat flow button):
— Specify temperature points using the cursor.
— 0or 1 point selected (by cursor position): The whole range will be calculated.

— Cube or cylinder geometry: Specify calculation range by selecting either
Calculate all sheets (calculates all walls) or Calculate active sheet
(calculates active wall).

— All sheets will have the same inside and outside temperatures as on the
current sheet, once the calculation is completed.

— 2 points selected (by selection): The range between these points will be
calculated.

— Cube or cylinder geometry: The other sheets will not be calculated.

— The end temperature points in the selection will remain constant.

8. Press the Draw Diagram button for a graphical plot of the temperature profile.



Peter Bjorklund

HSC Chemistry® 7.0 12-5

August 10, 2006 09006-ORC-J

12.2 Heat Loss Examples

12.2.1 Examples provided by HSC

See the examples provided by the HSC package by selecting File/Open from the menu
and selecting the appropriate file (examples exist in \HSC7\Heatloss -folder).

1.

Simple Case with fixed conduction and convection values (SimpleCase.HTR)

In this example the furnace wall is made of two layers, the inside temperature is
700 °C and the outer surface is cooled with air (20 °C). The conduction and
convection values are fixed. In this case the heat flow through each layer and
through the surface may easily also be calculated manually:

Firebrick: 1.5 m* * (700 - 418 °C) * 0.4 W/(mK) / (0.23 m) = 735 W
Silica brick: 1.5 m” * (418 - 50.63 °C) * 0.2 W/(mK) / (0.15 m) = 735 W
Air: 1.5 m* * (50.63 - 20 °C) * 16 W/(m’K) = 735 W

Radiator heat (Radiator. HTR-file)

This example calculates the heat output of a radiator at room temperature (20 °C)
and at three different water temperatures, when the water flow to the radiator is
zero. Select the appropriate sheet according to the inside water temperature (40 °C,
50 °C or 60 °C) and press the Heat flow button to view changes in the output heat.
Adjustments can also be made to the width or length (height for a vertical wall) of
the radiator to examine what influence this has on the result.
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File Edit “iew Insert Delete Format Calculate Target Diagram  Help
| e o

Properties | Units 1 | 2 | 3 | 4 A
Column Type: Surface Layer Surface .
Material: Water H20 (lis Carbon steel: (0.2% C) Air (gas)
Surface Material: Paint, white (acrylic) (h)
Thickness x m 0.003
Surface Area A m? 1.000 1.000 1.000
Conduction k (mean)  Wim ") S0.000
Surface Comvection he |Wim2*C) 261184 3332
Surface Radiation hy | Wiim=°C) 0.000 5674
Left (innex) T 2 41]! 39 39
|Right (ouier) T 2 39 39 20
Thermal Resistance | “C/0W 3820 0.0a0 111.1a4
Heai Flux W im?® 0174 0174 0174
Calculation Grid 10
Distance m 0.000 0.003 0.003 -
4 | # [, Padiator 4070 A Radiator S0 A, Fadiator 60T 7 e | LlJ
— Get Data fFor Column: TOTAL HEAT FLOW: I 0174 Ik'w" j — Calculate:

Eonduchion Temperature profile
Convection Slirpo ] PInEe e e Heat Flow
— &) il Diraw | width 20 M —
Radiation (surface)  Cube Length 5 w | ] _Hor-con |
Radiation [gas] ¢ Cylinder
R adiation [particles] ¢ Sphere
E xit Fix ¥alue Diagram Table | Draw Diagram

Figure 2: Radiator calculation example.
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3. Heat loss from uninsulated pipe at constant T (incropera94_503.HTR file)

This is an example taken from Fundamentals of Heat and Mass Transfer by F. P.
Incropera and D. P. DeWitt (page 503 in the 4™ edition) /1/. In this example the
heat loss from an uninsulated horizontal pipe is calculated with knowledge of the
surface temperature (165 °C) and the air temperature (23 °C).

4. Heat loss from insulated pipe at constant T (incropera94_504.HTR file)

Example 3 above is extended by insulating the pipe with a 25 mm thick urethane
layer. Notice how the heat loss decreases significantly.

5. Heat loss from a hot water tank (Hotwatertank.HTR file)

This example is a calculation of heat loss from a hot water tank. By specifying the
materials, dimensions, geometry, water and air temperatures; the total heat loss for
the tank can be calculated. The insulation thickness can easily be increased
separately for the top, wall and bottom sides, in order to lower the heat loss from
the tank.

% HSC Diagrams M [=] 3

File Edit Insett Delete Format Show  Help
o Total Heat Flow: 1 378 KW
60 I
Water H2O (liguid)
55

Stainless steel
45 T

M‘% Trethane foam

£0

40

as

Wall

30 '
Ru!nf\

25

Air (gas)
0 10 20 30 40 &0 60  mm

Figure 3: Temperature profiles for the hot water tank.

6. Oil furnace (OilFurnace.HTR file)
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In this example the heat flow due to hot flue gases and internal convection in a
furnace is calculated. The flue gas composition can be seen from the Gas Mixture
Radiation dialog by pressing the Radiation (gas) button. The gas contains the
following radiating species: H,O(g) 11.08 vol-%, COx(g) 11.69 vol-% and SO,(g)
0.05 vol-%. This is a typical flue gas composition for fuel oils. The gas
temperature is 1200 °C and the wall temperature is 500 °C. The wall surface
material is “Steel (sheet with skin due to rolling)” and the convective gas is
approximated as “Air (p = I bar)”. These can both be found from the database.
There is a 10 mm thick “Plain carbon steel” layer surrounding the furnace. It is
important to insert a Layer or a Layer contact column to the right of the Surface
column, in order to calculate internal radiation (or convection), since the program
otherwise assumes outside radiation (or convection). By entering a very low
thickness value for the Layer column (row 4), or by entering zero thermal
resistance for the Layer contact column (row 11), the inside surface temperature
may still be used in the Layer or Layer contact column.

Reactor heat loss calculation (Reactor1.HTR and Reactor2.HTR)

In this example the total heat loss of a reactor is estimated. The given input data
are the dimensions of the reactor, the surface temperature and the surrounding
temperature (room temperature). The surface material in the Reactorl example is
“Steel (sheet with rough oxide layer)” and in Reactor2 “Paint, white (acrylic)”.
The convective gas is “Air (p = I bar)” in both examples. Since the surface
emissivity is lower in Reactor2, the heat loss is smaller.

Smelting reactor calculation (Smeltingl. HTR, Smelting2.HTR and
Smelting3.HTR files)

In this example the temperature profiles and heat losses of three different types of
smelting reactors are calculated. The default input values given in this example
have not been taken from any specific reactor type, however the input values may
easily be changed in order to achieve a more realistic situation.

12.2.2  Simple Step-by-step Example (creating Smeltingl. HTR)

The following steps describe how to create the Smeltingl HTR example from the very
beginning. The final example can be used to approximate heat losses through a smelting
reactor wall. The temperature profiles for different inside temperatures can be plotted
using the Draw Diagram button.

1. Select File/New from the menu.

2. Select Insert/Surface column and press the Convection button.

3. From the Convection window (to the left), select the Function sheet.

4. Select Water, Copper elements cooling by moving the cursor to row 10.
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5. Press the Select button.

6. Select Insert/Layer column in the main sheet and press the Conduction button.

7. Type REXAL 2S EXTRA in the yellow textbox in the Conduction window and press
the Find button. The cursor will now automatically move to the correct position in the
database.

8. Press the Select button.

9. Type 1 as the layer thickness on row 4 in the main window.

10. Select Insert/Surface column and press the Convection button.

11. Select the Function sheet from the Convection window.

12. Select Molten metal by moving the cursor to row 4.

13. Click the Forced Convection option button and type 0.02 (= 2 cm/s) in the speed
textbox.

14. Press the Select button.

15. Type 1200 as the inside temperature in cell C9 and 20 as the outside temperature in
cell E10.

16. Press the Heat loss button.

Heat Loss will now calculate the total heat loss from a 1x1 m square of the reactor wall.
The inside and outside convection coefficients, calculated from the Function sheet, are
based on generalized empirical data. They can, however, be used up to a reasonable
accuracy for smelting reactor walls with corresponding cooling methods. The
temperature profile may be plotted graphically by pressing the Draw Diagram button.
The following procedure describes how it is possible to compare several temperature

profiles within the same diagram.

1. Select Insert/Wall sheet from the menu twice. Two copies of the reactor wall are
created.

2. Select Wall2 sheet and type 1400 as the inside temperature (cell C9).
3. Press the Heat loss button.

4. Select Wall3 sheet and type 1600 as the inside temperature (cell C9).
5. Press the Heat loss button.

6. Press the Draw Diagram button.

Now the temperature profiles for three different inner temperatures (1200 °C, 1400 °C
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=10] %]

File Edit Insett Delete Format Show  Help
°C Temperature profiles for different inner temperatures
2000
Molien metal
1500

N

1000

smelting 1400°C, Heat Loss=4 836 KWW
Smelting 1200°C, Heat Loss=4 251 kYW

s REXAL 2

T

500 \,\__\
% Water, Copper elements cooling
%
%
0 | Distance
0 200 400 600 800 1000 mm

Figure 4: Temperature profiles for Smelting 1. HTR calculation example.




HSC Chemistry® 7.0 12-11

Peter Bjorklund August 10, 2006 09006-ORC-J

12.3. Detailed Description of the Program

12.3.1

Using the Fix Value Button and the logic behind it

Once the Fix Value button is activated the user is able to fix values manually to make
these a direct input for the calculation. A fixed value is indicated by red font and the
caption on the button changing to Unfix Value. If, for example, the user wishes to
specify the convection coefficient h, directly, the specified value must be fixed (and the
fluid name typed manually), otherwise the program will iterate the value using the
database for the selected fluid. The program will always first look for fixed values and if
the value is unfixed then it will use iterative methods and the databases. In the end the
iteration result will be returned to the cell, for example the h.-value. Using fixed values
significantly improves the calculation speed, however these values are not always
available. As a rule of thumb, the accuracy of the result will improve if it is possible to
accurately specify and fix values, for example the convection and the radiation
coefficients. The cells on rows 6-8 and 20-23 can be fixed, as well as row 11 if the
column is of Layer contact type.
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12.3.2 Main Window

% Heat Transfer Calculations C:\Hsc5\HeatLoss\Hotwatertank. HTR
File Edit “iew Insert Delete Format Calculate Target Diagram  Help
. Fio |,

Properties | Units 1 | 2 | 3 | 4 | 5 -
Column Type: Surface Layer Layer surface .
Material: 1 Water H2O (liqguid) Stainless steel Urethane foam Air (gas)

Surface Material: . Aluminium (h)
Thickness x m 0.005 0.050
Surface Area A m? 37 A00 37 000 37919 40.156
Conduction k (mean)  Wim ") 15606 0.060
Surface Comvection he |Wim2*C) 2 . 171852 2719
Surface Radiation hy | Wiim=°C) 0.000 0417
Lefi (inner) T “ a0 a0 a0 28
|Right (ouier) T 2 3 . A0 A0 EEI EEI_I
Thermal Resistance  “C/0 0154 0.002 21 673 7041
Heai Flux W im?® 4. 0027 0027 0027 0025
Calculation Grid 10 10
Distance m 0.000 0005 0055 0055
Angle of Ohject = 1] 1]
Speed of Fluid/Gas s 0 0
Min Temperature E 27315 FIiA FIiA FIiA
Max Temperature E 37315 FIiA FIiA FIiA
Phase Liguid golid golid gas
Surface Emissivity [0.0000 0.0701
Gas FEmissivity 8
Gas Ahsorptivity
Part. Cloud Emissivity -
4| v [ wall A Roof A Botom [/ 4] | 3
— Get Data fFor Column: TOTAL HEAT FLOW: I 7. 1373 Ik'w" j — Calculate:
Eonduction Temperature profile
=  Convection Slirpto el PInEe e Heat flow
— £ wdall Ciraw | B —
Radiation (surface)  Cube ’ B Hor-con |
el [ " Cylinder Height 4.00 g * Calculate all sheets
B adiation [particles] " Sphere Diameter 3.00 ¢ Calculate active shest
Exit | Fix ¥alue Diagram Table | Draw Diagram |

Figure 5: Main window layout.
1. Headings area

This is the headings area and it cannot be altered, except for the second and third
row if the material is user-specified.

2. Calculation area
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The main inputs are entered in this area, with the thickness of a layer or enclosure
column being mandatory. The surface area row is automatically calculated from
the geometry and layer thicknesses.

3. Temperature inputs/results

In this area the temperature points are entered. In order to calculate the
temperature profile one temperature point must be specified. In order to calculate
the heat loss two points must be specified. For three-dimensional objects (cube
and cylinder), the user can select Calculate all sheets (calculate the whole object
simultaneously) or Calculate active sheet (calculate only the active wall), by
selecting the appropriate option button from the Calculation frame. It is also
possible to select a calculation area by selecting a temperature range with the
mouse. In this case only the range within this selection will be calculated. An
example of this would be to select the range between C9 and F10 in figure 5.

4. Detailed information

Here you can find more detailed information about the setup. If more precise layer
calculations are required, the Calculation grid (row 13) value may be changed. By
default this is set to 10, i.e. the layer is divided into 10 elements. Note that the
calculation time increases with an increasing grid size. Speed (row 16) indicates
the speed of the fluid for forced convection. If this is zero, free convection is
assumed. The minimum and maximum temperatures (rows 17-18) give the valid
range for a certain material; N/A indicates that the limit is not available from the
database. If a temperature point in the calculation result exceeds one of these
points, it will be indicated by a warning message box.

5. Available data (frame)

These buttons are enabled/disabled depending on the column type the cursor is
placed on.

Conduction: Layer column
Convection: Surface column or Enclosure column

Radiation (surface): Surface column or Layer column (adjacent to an Enclosure
column only)

Radiation (gas): Surface column, left of a Layer or Layer contact column (internal
radiation)

Radiation (particles): Surface column, left of a Layer or Layer contact column
(internal radiation)

6. Geometry input

The option box selects the geometry and the appropriate dimension textboxes.
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Note that when changing from a wall or sphere (one sheet calculations) to a cube
or cylinder (one or multiple sheets calculations) the wall sheet will be copied to
the joining sheets of the cube or cylinder. This is useful if all walls consist of the
same materials, since the user thus only has to specify the layout of one wall and
then change to the correct geometry. The Draw button draws a simple drawing of
the current geometry.

7. Heat loss input/result

This can be used both as input or output data. If calculating the temperature profile
the total heat loss must be entered here, but when calculating heat loss, this can
also be used as a starting approximation to achieve faster calculations. The starting
approximation has a maximum value of 10 MW. If a higher value is specified, the
maximum value is simply inserted in the textbox by default.

8. Radiation inputs/results

Rows 30-349 consist of Convection and Conduction data and rows 350- of
Radiation data. These are automatically collected from the database sheet when
pressing the Select button and these should not be changed.

12.3.3 Conduction Database
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1% Conduction C:\HSC5\Database\HeatCond XLS
File Edit Insert Delete Format Wiew
| &stuminium &1
B C D E F | 6 |~
1 Thermal Data l
2 Conduction
3 Datahase Property Tnits T1 T2 T3
4  |Aluminium Al I Temperature K 100 200 300
5 |lpure) Thermal conductivity | Wim K 302 237 57
6 | Alwminium 2024-T6 Tenperature K 100 200 300
T |4.5%0y, 15%Me, 0.6% 00 Thermal conductivity | Wim K B35 163 177
8 | Aluminium 195, cast Temperature K 300 400 &00
0 |4.5%0C0 Thermal conductivity | Wim K 168 174 185
10 | Antimony Sh Temperature K 20315
11 Thermal conductivity | Wim I 21
12 |Beryllium Be Temperature K 100 200 300
13 Thermal conductivity | Wim K 290 30 200
14 |Bismuth Bi Tenperature K 100 200 300
15 Thermal conductivity | Wim K 16.5 049 786
16 |Boron B Temperature K 100 200 300
17 Thermal conductivity | Wim K 190 555 27
18 |Cadwmium Cd Tenperature K 100 200 300
19 Thermal conductivity | Wim K 203 093 068
20 | Chromium Cr Tenperature K 100 200 300
21 Thermal conductivity | Wim K 159 111 LEN I
oo Tt / el | »iE
| <| Eind > |
Exit | e seiee |

Figure 6: Thermal Conduction database window.

The conduction database can be edited by selecting Edit/Conduction Database from the
menu bar. Since the files are of XLS type you can also edit them directly from Excel. It is
important to notice that when editing or adding new materials it is very important to
follow the same pattern and syntax as the rest of the table. Temperature units can be
entered in either K or °C and the program will automatically calculate accordingly. The
maximum and minimum temperatures are available in column A and are always given in
Kelvin. This window is used when selecting the layer material by pressing the

Conduction button.
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12.3.4 Convection Database, Table sheet

5} Convection C:\HSC5\D atabase\HeatConv.XL5

File Edit Inzert Delete Format  iew

|m‘: {Zas)
B C D | E [+

1 Thermal Data —

2 Convection

3 Database Property Units T1

4  |Air (zas) “Tempemture E 100

5§ |(p=1hat Density Legfm? 3.5562

6 |Ref: Incropera&De'Witt Thermal conductivity*10"3 Wbl 034

7 Thermal diffusivity*10"6 s 2.54

8 Kinematic viscosity * 106 ms 2

0 Prandil number fone 0.787

10 Volum. therm.exp. Coefficient*1076 1/

11 |Air(gas) Temperature “C -150

12 |i(p=5ha) Density Legfm? 1504

13 |Eef VDI Heat Atlas Thermal conductivity*10"3 Wbl 12.09

14 Thermal diffusivity*10"6 s 0.7
" 1 Table llr‘;" Fun’:ﬁun ; I~ ke ||Jl+|'l L Ty - Y 0 Lo r LI_‘

Angle of object [0 or 90] |n @ :
Cald

%' Free Convection A
¢ Forced Convection

Figure 7: Thermal Convection database window, Table sheet.

The convection database can be edited by selecting Edit/Convection Database from the
menu bar. Since the files are of XLS type you can also edit them directly from Excel.
Temperature units available are K and °C. The density is not a key requirement, although
it can be used in order to calculate the other properties. If the thermal expansion
coefficient is not given, the program will assume that the material is an ideal gas and
calculate the coefficient as [ = 1/T... The maximum and minimum temperatures are in
the hidden column A and are always given in Kelvins. This window is used when
selecting the surface or enclosure material and pressing the Convection button.
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Convection Database, Function sheet

5} Convection C:\HSC5\D atabase\HeatConv.XL5

12 -17

09006-ORC-J

File Edit Ingert Delete Format Wiew
II'u'I-:ulten metal
B C | D | E =
1 Thermal Convection {test result) Speed (test input)  Funetie—
2 Convection A
3 Function he{0.01)= = a
4  [Molien metal 1100 1] 100
8  [(inside furnace) 0
6 |[Water, Spray cooling 1200 0 1200
T [(outside furhace) 0
8 |[Water, Iron elements cooling 2400 0 2400
9 |(outside furnace) 0
10 |Water, Copper elements cooling |2400 0 2400
11 |(outzide furnace)
12
13
14 -
o] ¥ [\ T, Fundion / [l ﬂ—‘
Angle of object [0 or 90 IEI = i
% Free Convection 33:1
" Forced Convection
| < Find >
Exit View | sereee|

Figure 8: Thermal Convection database window, Function sheet.

The function sheet can be used for special cases of forced convection. For example, the
Molten metal selection is an approximation of h, based on a polynomial function of the
speed of the molten metal inside a smelting reactor. The database uses a function of the
type h. (v) = Av*a+Bv/ b+...+Gv”g where v is [m/s]. The coefficients (A-G) are located
between column E and K and the exponents (a-g) in the cells directly underneath these.
This sheet can also be used if the convection coefficient is considered constant: simply
type the constant value in column E and a zero underneath. This is shown in rows 6, 8

and 10.

For a wall or cylinder it is possible to specify an angle of 0° or 90°, which means either a
horizontal or a vertical object. When selecting the Forced Convection option button, a
textbox for the fluid/gas speed appears under the option buttons.
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File Edit Insert Delete Format Wiew
IIdeal black suiface
B C . D E F G H =~
1 Thermal Data {h)=hemispherical emissivity, (nj=normal emissivity ~ —
2 Radiation
2 Database Property Units T1 T2 T3 T4
4  |[Ideal black surface I Temperature E 27315
& [(gbsotbz all radiation) Emissivity fone 1
6 | Alwminium (h) Temperature K 100 200 300 400
T [(highly polished, film) Emissivity fone 0.0z 0.0z 0.04 0.0s
8 [Aluminiwm (h) Temperature E 100 200 300
O |(foil, bright) Emissivity fione 0.0 0.08 0.07
10 | Aluminium (h) Temperature E 300 400
11 |(anodized) Emissivity fone 02 0.7
12 | Chromium (n) Temperature E 100 200 300 400
13 |(polished or plated) Emissivity fone 0.05 0.o7 0.1 012
14 | Copper (h) Temperature E 300 400 600 200
15 |(highly polished) Emissivity fone 0.0z 0.0z 0.04 0.04
16 | Copper (h) Temperature E @00 200 1000
17 |(stably cxidized) Emissivity fone 0.5 0.5% 0z
18 | Gold (h) Temperature K 100 200 300 400
19 |(highly polished or filim) Emissivity fone 0.01 0.0z 0.0z 0.03
20 | Gold (h) Temperature K 100 200 300
1 Iifnil hright Fmizshdty ] 1116 nnv nnrz hal
NS ks | o
| <| Find | >
Exit | viewi || Sefect |

Figure 9: Thermal Radiation database window.

The radiation database can be edited by selecting Edit/Radiation Database from the
menu bar. Since the files are of XLS type you can also edit them directly from Excel.
Temperature units available are K and °C. An (n) after the material indicates that the
emissivities are normal emissivities and an (h) indicates that they are hemispherical
emissivities. Note that the emissivity for a material can vary a lot depending on the
surface, for example, a polished surface emits much less radiation than an unpolished
one. This window is used when selecting the surface material and pressing the Radiation

button.
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12.3.7 Gas Mixture Radiation Calculator
I Gas Mixture Radiation Calculator - Tapio Ahokainen
| User Input | Results
Species vwl% ||| Nyw.Low [NyvUpp | FLow | Flpp | DF | SumDF
H2O( =) 5.00
COig) 10.00 1 414 10000 09907 00093 00093
COig) o0.00 A0 731 0.9744 09577 0 0166 00259
NO(g) o0.00 Q50 061 09171 09147 00004 00263
303 o0.00 1050 1061 03952 02947 0.00035 0 0262
CHd(g) o0.00 1543 1452 0.7a03 07283 00325 00593
2323 2410 0.5452 04877 00575 01162
‘ LI'\’E;‘;'CA U'Ia" f"'.\'?l'"‘l o |k | W B oo I I L |
Gas Properties
Temperature ['T] 700 Gas Emissivity at Gas Temperature 0.1420
Pressure [har] 1 Gas Abzorphivity at Surface Temperature 0.1562
Optical Depth [m): 0.45 Heat Flux [kK'W fm?] h.23
Surface Properties
Temperature ["C]: 400
Emizzivity 085
E xit Select at fixed T Select iterative

Figure 10: Thermal radiation from a gas mixture.

Using this window it is possible to calculate the gas emissivity and absorptivity by
specifying the volume fractions (indicated by a red font), pressure, gas temperature
and surface (wall) temperature. If the object is a cube, cylinder or sphere the optical
depth is automatically calculated accordingly, although it can still be changed in the
textbox. See Table 1 for examples of optical depths for simple geometries.

The Calculate button calculates using the specified inputs. The Gas sheet shows the
detailed results for the gas emissivity at the gas temperature and the Wall sheet shows
the detailed results for the gas absorptivity at the wall temperature.

There are two ways of using the results from the calculation in the main sheet:

Select at fixed T: By selecting this the gas temperature, surface temperature and surface
emissivity will be used directly in the main sheet. This is a fast way of calculating if the
gas and surface temperatures are known.

Select iterative: By selecting this the program iterates emissivity and absorptivity values
in the range 0 °C — 3000 °C for every 50 °C step. The results are transferred to the main
sheet for use in iterative calculations. Outside this range the values will be extrapolated.
This is useful when the gas temperature and/or surface temperature are unknown.
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% Particle Suspension Radiation Calculator
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| User Input: | Results:
Property | Unit Value Property Unit | Value
Gas Amount Hmiih 24100 |Gas it 23861
Particle Amount trh 69| |Paxrticles ik 16.0
Particle Density aiml 43| |Gas + Particles mih BIRTT
Particle Diameter it 0050 (Particles gl 203
Particle Emissivity 0.148] |Particles mlim? 1269
Cube Widih & Height m 0002] |Particles vol- %0 0.0187
Cube Thickness 1 0.100] |Particle Radius it 0.02500
Tuhe diameter 1 42001 |P. Cross-sectional Area  mun® 0.00196
Particle Volume run’ 0.00007
Particle Weight a 281E-07
Particles/m? 225EHI9
Cube Volume mE 4E-007
Particles in Cube 1142
Particle Distances M 0.70
Gas Speed mifzec 2385
Gas Speed in Tube ftuigec 1.73
Gas Properties
Temperature [C]; 700 Particle cloud Emissivity I 0.0736
Gas emissivity at gas temp: 0.1420
Gas absorphivity at surface temp: | 01562 Heat Flux [K'w/mZ] I 8.0e
Surface Properties
Temperature [*C: 400 Calculate
E rnizzivity 085
Exit Diagram Select at fixed T Select iterative

Figure 11: Particle radiation window.

Using this window it is possible to calculate a particle cloud emissivity when some
detailed data about the particles and the geometry of the container are known. The results
can also be used at a fixed T or iteratively as in the Gas Mixture Radiation dialog. The
Diagram button shows a simple drawing of a particle distribution in the container. The
Gas emissivity at gas temperature and the gas absorptivity at surface temperature are
automatically taken from the Gas Mixture Radiation dialog when available.
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12.3.9 Target Calculations (Target Dialog)
M- Target Dialog H=l
File Edit Inzertt Delete [terate
|n.5
Target Calculation Sheet (Goal seek) 1=
Wariahle Target Tteration | |
Mame Cell Bef i Testvalue Min M ax|Hame Cell Ref. Value Mlax
W dth Hrd 200 0.50 1000 |Heat flow  HSA . I:I.5I:III 10
10
10
10
10
10
10 -
Yanable value: Target value: —————— Iteration:
I'W'iu:lth j IHeat Floes j IEaIcuIate Heat flow j
Inz Row | Del Row | Set variable | Set target | Iterate Selected Rows
Exit | Iterate All

Figure 12: Target Dialog window.

The Target Dialog extends the calculation possibilities of Heat Loss. For example it is
possible to calculate the required insulation thickness to achieve a certain heat loss or, as
the example in Figure 12, the required width of a radiator to achieve a heat loss (in this
case heat output) of 0.5 kW. The following step-by-step procedure describes how the
Target dialog can be used for this iteration.

1.

2.

3.

4.

Open the file Radiator.HTR from the Hsc5\HeatLoss directory.

Select Target/Target Dialog from the menu.

Choose Width from the drop-down box in the Variable value frame.

Press Set variable, which sets the width of the radiator as the variable value.
Choose Heat flow from the drop-down box in the Target value frame.

Press Set target, which sets the Heat loss of the radiator (heat output) as the target
value.

Choose Calculate Heat flow (calculation method) from the drop-down box in the
Iteration frame.

Write 1 in the Min column, 10 in the Max column and 0.5 in the Value column. This
specifies the minimum and maximum widths and the goal value for the heat loss
(heat output).
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Press Iterate Selected Rows, which calculates the required width for a heat output
of 0.5 kW. The required width of the radiator is 5.747 m, as can be seen from the
main window.

If the Worksheet cell option in a drop-down box is selected, any worksheet cells in the
main window may be used as either a variable or target value. An example of this could
be to iterate the required thickness of a layer (row 4) in order to achieve a certain heat
loss.

12.3.10 User-specified Diagrams (Diagram Dialog)

Instead of only iterating a certain goal value, the Diagram Dialog may be used for
graphically plotting the whole range. In the example below (Figure 13), the influence of
the inside water temperature on the heat flow (in this case the radiator heat output), is
shown. Step-by-step the diagram may be achieved in the following manner:

1.

2.

Open Radiator.HTR from the Hsc5\HeatLoss directory.
Select Diagram/Diagram Dialog from the menu.
Select Worksheet cell from the drop-down box in the X-value frame.

Move to cell C9 in the main window (inner temperature) and press Set X value in
the dialog box.

Select Heat loss from the drop-down box in the Y-value frame and press Set Y1
value.

Select Calculate Heat loss from the drop-down box in the Diagram frame.
Type 90 in the MAX textbox and 5 in the STEP textbox. This means that the inner

temperature will range from 30 °C to 90 °C calculated every 5 °C. The dialog box
should now look similar to Figure 13.
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I,._T}_E Diagram Settings

i =]
—¥-Axis Range: Ins How
MIN M, STEP Del Fov
IET a0 | g Clear all |
oA
Cell Reference Lahel | Units =
= |Radiatorl!Co LeftT “ —
Y1 |Texthox Heat loss KW
T2 i -
4 | 4
= | — A-walue: —-walue: — Diagram:
Cance |
I"»-'-.-"u:urksheet cell j IHeat lozz j IEaIcuIate Heat loss j
Set X value | Set ¥2 value I Diagram ’\J

Figure 13: Diagram dialog window. Specifying the diagram.
8. Press Diagram.

9. In the Diagram Table window, it is possible to specify properties in detail.

However, if this is not necessary just press Diagram here too. The resulting diagram
is shown in Figure 14.
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Eﬂ HS5C Diagrams O] x|

File Edit
4%

|hzert

Delete Faormat Show  Help
Radiator heat output

08

0.7

0.6

0=

04

Heat output

03

02

Twater

0.1
30

40 S0 60 70 80 o0 °C

Figure 14: Diagram showing the influence of the inside temperature on the radiator heat output.

Another useful diagram would be to study the optimum insulation thickness of a cylinder
geometry (for example a pipe or a cylindrical tank). An optimum thickness is available
due to an increasing outside surface area, thus increasing convective and radiative heat
loss. The following step-by-step instructions show how this diagram may be created:

1. Open Hotwatertank.HTR from the Hsc7\HeatLoss directory.

2. Select Diagram/Diagram Dialog from the menu.

3. Select Worksheet cell from the drop-down box in the X-value frame.

4. Move to cell E4 in the main window (urethane insulation thickness) and press Set X
value in the dialog box.

S. Select Heat loss from the drop-down box in the Y-value frame and press Set Y1
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value.
6. Select Calculate Heat loss from the drop-down box in the Diagram frame.

7. Type 0.2 in the MIN textbox, 0.5 in the MAX textbox and 0.02 in the STEP textbox.
This means that the insulation thickness varies from 0.2 m to 0.5 m and is calculated
every 0.02 m.

8. Press Diagram. Notice that the calculation time may be significant on slow computers.

9. Press Diagram again in the Diagram table window. The final diagram should look
similar to Figure 15. The theoretical optimum insulation thickness is now roughly 33 cm.

&4 HSC Diagrams M [=] 3

File Edit Insett Delete Format Show  Help
kW Optimum insulation thickness
0.80

0.79

0.78

0.77

0.76
0.75

0.74 \
073 \\ al

0.72
Heat loss
0.71
—
0.70 Thickness
020 025 030 035 040 045 050 m

Figure 15: Diagram showing the theoretical optimum side wall insulation thickness for a cylindrical hot
water tank.

12.3.11 Limitations
The current version of Heat Loss has some limitations, some of which are listed below.

- The maximum number of calculation sheets for the wall and the sphere is ten, for
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the cube four and the cylinder three. It is possible to insert up to 255 own sheets.

Inaccuracy increases with thick walls for the cube and cylinder, since the roof and
bottom layers are “stretched” to overlap the walls. Please use surface columns only
if the outer surface temperature is known, see examples Reactor].HTR and
Reactor2. HTR.

If minimum and/or maximum temperatures are not entered into the database, or
directly on the sheet on rows 17 and/or 18, then the extrapolated heat transfer
coefficients (k, he and h ) may be inaccurate.

The convection correlations are not valid for all ranges and the results cannot be
trusted outside these ranges. Detailed specifications of the valid ranges are given
in Chapter 12.4.

Inaccuracy increases with convection for small geometries.

Forced convection cannot be used for internal calculations (gas/liquid to surface)
with a cube, cylinder and sphere, since the correlations are only valid for forced
external convection. Instead the heat convection coefficient he must be specified

manually or using the Function sheet in the Conduction Database.

If only surface columns are given for a cube, cylinder or sphere, then external
convection is assumed.

If the speed of a fluid is very low and the Table sheet is selected as input, the
combined free and forced convection plays an important role, however this is not
taken into account in this module.

Radiation from a surface to the surroundings (or vice versa): the surface is
considered gray and diffuse, that is o(T) = &(T) only, this is however a valid
approximation for most cases.

Radiation emissivities for surfaces in the database are given as either normal (n) or
hemispherical (h).

The minimum temperature is —200 °C and the maximum is 8000 °C, however data
for extreme temperatures such as these are seldom available.

Sometimes the program is not able to iterate the answer correctly. If this happens
try using a different starting heat loss (better starting approximation) and
recalculate. Make sure that the minimum or maximum temperature is not
exceeded.

When calculating temperature profiles it is advised to fix the outer (cooler)
temperature and let the program calculate the inner temperature. The reverse
selection may easily lead to temperatures lower than O K if the heat loss specified
is too high.
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12.4.

Basic Theory behind Heat Transfer

This chapter explains the basic theory of heat transfer used by the module. The equations
and theory given are utilized within the program.

The total heat flow in one dimension (x) is

q,=q.A [1]

2

where 7+ is the heat flux and A is the unit area. It is often practical to use an analogy
between heat transfer and Ohm’s law in electricity. The thermal resistance is defined as

T1_T2

R=
q. 2]

where T1 and Tp are the temperature points and qx is the heat flow. The thermal
conductance is then

G=—

R, 3]
where R is the thermal resistance.

Time-dependent heat flows, where qx = q(X, t), and steady-state non-time-dependent heat
flows qx = q(x) are two basic ways of identifying heat transfer problems. This program is

concerned only with steady-state non-time-dependent conditions, which means that the
condition is valid for infinite t.

A number of dimensionless parameters are used in this chapter. Some of them are only
material-specific and can be listed in a table, while others are geometry-specific or

directly related. Equations [4] to [7] show the most important ones.

The thermal diffusivity is defined as

) (4]

where k is the thermal conductivity, p is the heat capacity at constant pressure and p is
the density.

The kinematic viscosity is defined as
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where U is the dynamic viscosity.

The Prandtl number describes the ratio of the momentum and thermal diffusivities. This
is defined as

, (6]
where Vv is the kinematic viscosity and & is the thermal diffusivity.

The thermal expansion coefficient is defined as

1(dp 1 Ap
R
p\dT ), p AT

where p denotes the derivative at constant pressure.

In order to calculate the heat flux, it must be separated into the three main forms:
conduction, convection and radiation. A more detailed description of these forms will be
given in the following chapters.
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12.4.1

Conduction

Heat transfer due to conduction occurs between points inside a material or materials
connected to each other. Thermal conductivity is very dependent on the phase the
material is in and on the temperature of the material/materials. Therefore accurate
calculations with a simple non-iterative formula are sometimes impossible. The use of a
numerical technique such as an element method can be applied in order to achieve more
accurate results.

The conduction heat flux for one dimension (Fourier’s law) is calculated as

q; =—k d_T
i 18]

where dT/dx is the temperature derivative in x-direction. The function k = k(T) is
generally not expressed the same way as the heat capacity function ¢, = ¢,(T), which is a
fitted equation in other parts of HSC, i.e. the Kelley equation. Instead the values of k are
known at certain temperature points and linear interpolation and extrapolation may be
used for temperatures outside these points. When calculating the heat flux (or flow) the
distance between the two temperature points is divided into a grid. Hence we can
calculate the heat flux by using the following approximate equation that calculates the
average heat flux through a layer

- an ’ (Tn+1/2 - Tn—l/2)

) [9]

where k, = k, (T,) is the heat conduction coefficient at T,, (middle of the grid), m is a grid
step (the amount of steps the distance x is divided into), n is the point in the middle of
one grid step, Tphy1 1s the temperature point between grid n and grid n+1, T, 5 is the
temperature point between grid n and grid n-1 and Axy, is the thickness of the grid.

In order to be able to calculate other geometries, the shape factor S in the total heat rate
equation q=q,A=SkAT
[10] to [12].

is defined for different geometries according to equations

For one-dimensional plane walls and for cube walls, S is defined as
S = A/x , [10]
where A is the unit area for the layer and x is the thickness of the layer.

For cylindrical walls (cylindrical coordinates), S is defined as
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27h
In(x, /xl.)’ [11]

S =

where h is the height of the cylinder, X, the outer radius of the layer and x; the inner
radius of the layer.

For spherical walls (spherical coordinates), S is defined as

§= 47 x,

X, =X
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12.4.2

Convection

Heat transfer due to convection occurs between two points, where one is on a surface and
the other in a fluid/gas. Convection cannot normally be solved mathematically except for
some laminar cases. Therefore convection calculations are mostly based on empirical
equations or correlations and the uncertainty, or the margin of error in these calculations
can be as high as +20%. In the literature these correlations can also vary and the validity
of the result is mostly limited to some range of one or more thermophysical properties of
the fluid/gas. The correlation equations used in the program are taken from references /1/
and /2/.

The heat flux due to convection is calculated as

q"=h(T,-T.) [13]

where h_is the convection coefficient, T; is the surface temperature and Teo is the

fluid/gas temperature. The mathematical models for h., based on experimental data, are
given in dimensionless form using the Nusselt number, which is defined as

, [14]
where L is the characteristic length for the prescribed geometry.

The Nusselt number can be related through empirical data to other properties of the
convective gas/fluid. These properties are normally temperature and pressure dependent,
hence the film temperature, Tr = (T+Two)/2, should be used when determining these

properties. The task is then simply to describe the problem as accurately as possible and
to select the appropriate correlation. Using equation [14] and the appropriate correlation
equation the value of h, can be calculated. The correlations depend on whether forced or
free (natural) convection is studied. In forced convection the motion of the fluid is due to
an external pressure gradient caused by a fan or a pump. In free convection the fluid
motion is due to buoyancy forces only, such as gravitational or centrifugal forces. In
some forced convection cases when the speed of the fluid is low there is a mixture of
forced and free convection called mixed convection, however this is not taken into
account in this work. See 3.1/ Limitations for a more detailed description of when mixed
convection conditions are noticeable.

Convection can also be subdivided into internal and external flow, which means that the
fluid is either contained inside an enclosure or flowing freely outside a geometry. Flow in
pipes is an example of a forced internal flow that has been studied thoroughly. Forced
internal flow is more difficult to examine due to, for instance, the influence of centrifugal
forces inside reactors. The convection coefficient are also dependent on the way the fluid
is put into motion, for example, different types of propellers give different coefficients.
In some cases simple experimental correlations for the convection coefficient in the form
h. = h.(us) may be used. External flow has also been studied extensively and listed

below are the different correlations, which may be used for different cases. Note that for
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a plane wall the internal convection is equivalent to the external convection.

Free convection

The correlation describing the nature of the flow for free convection is called the
Rayleigh number and is defined according to

R . g ( K oo)

where g is the acceleration due to gravity and B the thermal expansion coefficient.

Sometimes the Grashof number, which describes the ratio of buoyancy forces to viscous
forces, 1s used in correlations and is defined as

gﬂ(Ts _Too )L3 _ RaL

Gr, =
L y? Pr [16]

A description of how to calculate the free convection Nusselt number, defined in
equation 14, for different geometries is explained below.

Wall, vertical position 0y =0°/1/:

¢ Surface:
e Characteristic length: L =z
e Laminar flow (Ra; < 10°):

0.670Ra.’*
4./9

9/16
[1 +(0.492/ Pr) ] (7]
¢ Turbulent flow (Ray > 109):

Nu, =0.68+

T 9&}%2 8
¢ Enclosure:

o Characteristic length: L = thickness of wall enclosure
¢ H =z (height of enclosure)
e H/L<2:

0.29
Nuy = 0.18(LRaLj

e Valid when:
1<H/L<?2
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10°<Pr< 10’
10° < (Ra; Pr)/(0.2+Pr)

e 2<H/L<I10:

0.28 -1/4
Nup = 0.22(L RaLj (Ej
0.2+ Pr L

e Valid when:
2<H/L<10
Pr<10°
10° < Ra;, < 10"

e H/L>10:

_ H 0.3
Nup =0.42Ra,’* Pr*"? (zj

e Valid when:
10 < H/L <40
1 <Pr<2-10*
10* < Ra; < 107

Wall, horizontal position 0y = 90° /1/,/2/:
e Surface:

e Characteristic length: L. = A/P, i.e. the surface area divided by the perimeter
e Hot upper surface or cold lower surface:

[22]
e (Cold upper surface or hot upper surface:
e Ra <10":
Nu, =0.54Ra)’*
(23]
e Ra.>10":
mL = ().15Ra2/3 [24]
¢ Enclosure:
e Characteristic length: L = thickness of wall enclosure
e Hot lower surface:
e Ra; <1708:
Nur =1 (pure conduction)
e Ra; > 1708:
Nup =0.069Ra,”> Pr®™™
[25]

e Valid when:
3-10° < Ra; < 7-10°
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e (Cold lower surface:

Cube /1/:

Nu, = 1(pure conduction)

e Surface:
e Internal flow:

Characteristic length: L = zj

Nusselt number according to equation [17] or [18] for all walls

The flow is assumed to cool down at the walls (downflow), thus creating
a circulating flow with an upflow through the center of the cube.

Not valid for small cubes

e External flow:
e (Cube walls:

e Characteristic length: L =z
® Nusselt number according to equation [17] or [18]

e Roof and bottom:

e Characteristic length: L = A/P, i.e. the roof/bottom surface area
divided by the perimeter
® Nurgof and Nupottom according to equation [22], [23] or [24]

e Enclosure:

e Same as for wall depending on horizontal or vertical cube enclosure

Cylinder, vertical 8,=0° /1/:

e Surface:
e Internal flow:

Characteristic length: L = zj

Nusselt number according to equation [17] or [18] for wall, roof and
bottom

The flow is assumed to cool down at the walls (downflow), thus creating
a circulating flow with an upflow through the center of the cylinder

Not valid for small cylinders

e External flow:

Cylinder wall:

e Characteristic length: L = zo

¢ Nusselt number according to equation [17] or [18]
e Valid when:

D/L>35/(Ra, /Pr)""*

Roof and bottom:

e Characteristic length: L = A/P = D/4, i.e. the surface area divided by
the perimeter
® Nuwa]ll according to equation [17] or [18]

¢ Nuroof and Nupottom according to equation [22], [23] or [24]



HSC Chemistry® 7.0 12 - 36
Peter Bjorklund August 10, 2006 09006-ORC-J

¢ Enclosure:
® Approximated as vertical wall enclosure

Cylinder, horizontal 8, = 90° /1/:

e Surface:
¢ Internal flow:
e Characteristic length: L = Dj

¢ Nusselt number calculated according to equation [17] or [18]
¢ The flow is assumed to cool down at the walls (downflow), thus creating
a circulating flow with an upflow through the center of the cylinder
¢ Not valid for small cylinders
e External flow:
¢ Cylinder wall:
e Characteristic length: L = Dg

[26]
e Valid when:
Rap < 1012
¢ Roof and bottom:
e Characteristic length: L= r‘)\/;, i.e. square with same area
®  Nurgof and Nupottom according to equation [17] or [18]
¢ Enclosure:
o Characteristic length L = thickness of cylinder enclosure
¢ h, calculated directly, not through the Nusselt number (Nuy)
- __ Im(>,/D,)I
Ra, = L
I3 (Di_3/5 i D0—3/5 )5 o
e Ra, <100:
_ k
“ m(D,/D,)-D,/2
(28]
e Ra. >100:
Pr VR
k= 0.386(—j (Ra' )" -k
0.861+ Pr [29]
= keﬂ
“ m(D,/D,)-D,/2
[30]

e valid when:
10> <Ra. <10’
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Sphere /1/:

e Surface:

¢ Internal flow:
e Characteristic length: L = z;
® Nusselt number according to equation [17] or [18]
e The flow is assumed to cool down at the walls (downflow), thus creating

a circulating flow with an upflow through the center of the sphere

e Not valid for small spheres

¢ External flow:
e Characteristic length: L = Dg

[31]
e Valid when:
Rap < 1011
Pr>0.7
e Enclosure:
e Characteristic length: L = thickness of the sphere enclosure
® h,calculated directly, not through the Nusselt number (Nup)
* L R
Ras - (D D )4 -1/5 - -7/5 Y
o™i (D i +D 0 ) [32]
e Ra, < 100:
D.D
h, = kn——=
L
[33]
e Ra, >100:
1/4
P *
k= 0.74(—”) (Ra")"" &
DiDo
h,=k;m .
[35]

e Valid when:
10’ <Ra, < 10*
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Forced convection

Forced convection is here assumed to be external only. The correlation number
describing the nature of the flow for forced convection is called the Reynolds number,
which describes the ratio of inertia forces to viscous forces of a flow and is defined as

L
ReL:u“’
14

[36]

where uc is the speed of the fluid/gas. Note that the direction of the flow is assumed to

be horizontal in this program and that forced convection inside enclosures is not taken
into consideration.

Wall /1/:

* Laminar flow, Re, <5- 105:

Nuy =0.664Re!/? Pr'?

[37]
¢ Valid when:
Pr>0.6
® Turbulent flow (flow separation), Re; 2 5- 103:
Nuy, = (0.037Re**—871)Pr'”?
[38]

e Valid when:
0.6< Pr< 60

5-109 <Rep <108
Cube /1/:

¢ Tangential horizontal flow on all sides assumed

e Cube walls:
o Characteristic length front and back wall: L = xq
e Characteristic length left and right wall: L = yg

¢ Nusselt number calculated as [37] or [38]
¢ Roof and bottom:
e Characteristic length: L = yg

e Nusselt number calculated as [37] or [38]
Cylinder /1/:

e Cylinder wall:
e Characteristic length: L = Dg



HSC Chemistry® 7.0 12-39

Peter Bjorklund August 10, 2006 09006-ORC-J

475

. 172 1/3 5/8
Nuw = 0.3+ 0.62Re,, ~ Pr _ 1+( Re,, j
[1+(0.47 Py 282000

. T |1£@ﬂ9§{% OO0

e Valid when:
Rep-Pr>0.2
e Roof and bottom:

e Characteristic length: L=r, \/; , 1.e. square with same area
e Nusselt number calculated as [37] or [38]

Sphere /1/, /2/:

e Characteristic length: L = Dg

1/4
Nup =2+ (0.4Re">+0.06Re? ) Pr® (&j
H
[40]
where [leo is the dynamic viscosity at the fluid/gas temperature and L is the
dynamic viscosity at the surface temperature.

e valid when:
0.71 < Pr< 380

3.5< Rep <7.6:104
1.0< (Moo/pls) € 3.2
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12.4.3 Radiation

Heat transfer due to radiation occurs in the range of approximately 0.4 um to 1000 pm of
the electromagnetic wavelength spectrum /3/. This spectrum includes both visible light as
well as infrared radiation. Radiation heat transfer between two points occurs when waves
are emitted at one point and absorbed at another. Sometimes the wave is reflected or
transmitted and thus there is no radiation heat transfer between these two points.
However, the wave can be absorbed at another point thus creating a heat flow between
these new points instead. Since radiation consists of electromagnetic waves it is therefore
not dependent on the medium, in fact radiation heat transfer through a vacuum is higher
than through other mediums since almost no radiation is absorbed there. Radiation plays
a significant role at high temperatures and radiation heat transfer is in this instance much
higher than convection heat transfer. This can be seen from equations [41], [44] and [52],
with temperatures raised to a power of four.

Radiation heat transfer can be subdivided into three types: Surface radiation, gas
radiation and combined gas and particle radiation. These are described more closely
below.

Surface radiation

Surface radiation means that the heat flux is due to a surface (at temperature T;) that
radiates to the outside environment (at temperature T.), which is assumed to be very
large compared to the radiating surface. A typical case could be the walls of a big room.
The net heat flux is calculated according to

q'= SSO'(T:‘—T:), [41]

where € is the surface emissivity, which is a function of the surface temperature,
& = & (T,) and o is the Stefan-Boltzmann constant. The surface is assumed to be gray,
which means that the surface absorptivity is equal to the surface emissivity
(0s(T) = & (T)).

For easier comparison with the convection heat rate, we can define the heat radiation
coefficient as

h, =e0(T +T, )17 +T2)

r

[42]
and by using equations [41] and [42] the heat rate can be expressed as

q”: hr (TY _T°°)
[43]
which is of the same form as equation [13]. The surface emissivity can be found from

tables in the literature. The normal emissivity (€,) or the hemispherical or total emissivity
(¢n) may be listed depending on the material. The normal emissivity is the normal



HSC Chemistry® 7.0 12 - 41
Peter Bjorklund August 10, 2006 09006-ORC-J

directional emissivity while the hemispherical emissivity is the averaged value for all
solid angles passing through a hemisphere centered over the surface element /3/.
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Gas radiation

The heat flux due to radiation from a gas to a surface is calculated as /4/

q'= €‘Y2+ ! a(egT: -a, T*)

’

[44]

where € is the surface emissivity, €, = €, (T,) is the gas emissivity at the gas temperature
and o, = 0, (T, ,T,) is the gas absorptivity as a function of both the gas and surface
temperatures. It is natural that o, also depends on T as this defines the spectrum of
incoming radiation and this is clear because T, defines the state of the gas and therefore
its thermal properties. The surface is also here assumed to be gray. The coefficient
(e,+1)/2 is an approximation for the effective emissivity of the solid.

The heat radiation coefficient is now

(e, +1)ole, T} —,T?)
-1

[45]

In order to calculate €, and o, the exponential wide band model proposed in /5/ can be
used. This model has been optimized and made more efficient computationally in /6/.
The model can treat mixtures containing H,O, CO,, CO, NO, SO, and CHy in, for
example, a non-radiating nitrogen gas. The model also takes into account the pressure
and the optical depth of the geometry. The gas emissivity function is

£, =&, (Tg Py Ly X505 X005 X0 Xno > Xs02> Xcma)
b

[46]

where p is the pressure, L is the optical depth and x is the molar fraction of the individual
gas species. Note that the sum of the radiating gases can be smaller than one, >x,, < 1,
since the rest of the mixture can consist of non-radiating gases.

This model is applicable for the temperature range T = 300 K to 2500-3000 K and the
pressure range p = 0.5 to 20 bar. The optical depth L depends on the geometry and is
listed in the following table for the most common geometries /7/. All surfaces are
assumed to be able to absorb radiation.

Geometry Characteristic dimension Optical depth (L)
1. Sphere Diameter (D) 0.63D

2.1 Cylinder (h = 0.5D) Diameter (D) 0.45D

2.2 Cylinder (h = D) Diameter (D) 0.6D

2.3 Cylinder (h = 2D) Diameter (D) 0.73D
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3.1 Cube (1x1x1) Any side (x) 0.6x
3.2 Cube (1x1x4) Shortest side (x) 0.81x
3.3 Cube (1x2x6) Shortest side (x) 1.06x

Table 1: Examples of optical depths for simple geometries

For dimensions not listed in Table 1 the optical depth coefficient can be interpolated or
extrapolated. A simple example is:

Calculate the optical depth for a cube with the dimensions 1x4x7.

1.Extrapolated as a 1x1x7 cube using geometries 3.1 and 3.2 gives
L1x1x7 = 0.6+(0.81-0.6)-[(7-1)/(4-1)] = 1.02

1.Extrapolated as a 1x2.5x7 cube using geometries 3.2 and 3.3 gives
L1x2.5x7 = 0.81+(1.06-0.81) -[(2.5-1)/(2-1)] = 1.185.

3. These two results can then be used again to extrapolate into the 1x4x7 cube which
gives Ljix4x7 =1.024(1.185-1.02)-[(4-1)/(2.5-1)] = 1.35. This is the answer since the

shortest side is x = 1.

The gas absorptivity at the surface temperature can be calculated using the same model if
two temperature correction factors are introduced. The function then becomes

15 05
Ts Tg
a,=¢€,(T,,p,L- T s X205 Xc02 X0 > Xno > Xs02> Xema) ?
g s

[47]

and as seen from the correction factors, the surface temperature T, is now also needed as
an input. For further information and detail on this model references /5/ and /6/ should be
consulted. The gas radiation calculation code used by HSC is based on code made by
Tapio Ahokainen.

Combined gas and particle radiation

A particle cloud emissivity can be calculated when the mean size of the particles and the
particle cloud geometry are known, according to /4/

g, =1—¢ "
‘ , [48]

where €, is the emissivity of a single particle, n, is the number of particles per unit
volume of cloud, L is the thickness of the cloud and A, is the average cross-sectional
area of the particle. If the particles in the cloud are not uniform in size, then the surface
mean diameter can be used according to
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n,d iz
a7 =

4 4 Z": n,
i=1
[49]

where d; is the surface mean diameter and n; is the number of particles of the same
diameter d; The total gas and particle cloud emissivity can then be approximated as /7/

Eppe =€, +E. —EE,
b

[50]

where €. is the particle cloud emissivity and €, is the gas emissivity calculated according
to the model behind equation [46]. The total gas and particle cloud absorptivity can be
approximated as

Ay, =0, +E, —QE,
b

[51]
where 0, is the gas absorptivity calculated according to the model behind equation [47].

Finally, the heat flux due to radiation from a gas and particle cloud to a surface is then
calculated according to /7/

r__ gs 4 4
q = o +e -« e G(€g+ch _ag+CTv )
g s g+c€s [52]

g+c
and the heat radiation coefficient as

eole T —a T

g+co g g+co s

+e, —a,.e T, ~T,)

h =
r (a

g+c
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