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ABSTRACT

Calculating the thermal radiation in furnaces and boilers has always been a problem of
choosing between complexity and simplicity which are related to high and low calculation
time. The best choice will always be somewhere in between using models that are complex
enough to describe the problem adequately and at the same time simple enough to be under-
stood and used by the user.

Especially in CFD you have to choose an economical model to get a solution within reason-
able computing time. This new CRG-model of thermal radiation fits in that point. It gives
analytically correct results for a number of examples covering the range between optically
thick and optically thin cases and cases without participating medium (wall to wall radiation).

The equation solved in the CRG-model is a simple diffusion equation. However, the model
should not be mistaken for being the Diffusion model of radiation, which only works for opti-
cally very thick cases. For optically thick cases the CRG-model gives the same correct solu-
tion as the Diffusion method, while for optically thin cases (thickness zero) it gives the same
solution as a simple wall to wall calculation. For two opposing infinite walls it gives the ana-
lytical solution. For any other geometry it gives plausible results.

The bases of the CRG model are two models of Spalding: The Radiosity model and the IM-
MERSOL model. The Radiosity model gives good results for optically thick cases like the
Diffusion model, but it has a wider span than the diffusion model, meaning that it goes to a
lower optical thickness. The IMMERSOL model by Spalding is made for calculating the ra-
diation between IMMERsed SOLids in the topical fluid. The CRG model and the IMMER-
SOL model have a lot in common, but CRG is more rigorously deduced than shown at the
CHAM home page about IMMERSOL.

The CRG model can be expanded to use “Band models” and “Sum of Grey Gases” and that
without expanding the calculation time considerably. Some errors are corrected in the CRG
model compared to the IMMERSOL.

The basic idea of the CRG model is to define a kind of “geometrical determined resistance of
radiation” for any point in the geometry. This additional “resistance” is based on a local figure
of the “Gap” between the walls at that particular location. The calculation of the local “Gap”
is done by a method also found by Spalding.

The CRG model has been implemented as a user-subroutine in the CFD code STAR-CD. It
gives excellent results and by a minimum of calculation time.

Examples of the use of the CRG model for furnace calculations and for use in optimising ra-
diant burners are presented.

Keywords: Thermal radiation model, Composite Radiosity Gap (CRG), CFD, isotropic
absorption, scattering, band model, grey gases.



Introduction

In most cases radiation models are used for finding the radiant source and sink terms for CFD
modelling. These terms are then put into the transport equation for enthalpy giving the tem-
perature distribution in the topical case. Other results from the radiation models are the heat
fluxes and heat transfer to the walls of the case in question. From this information the heat
load on the boiler tubes or the furnaces walls can be calculated.

Many models for thermal radiation include constants for the absorption coefficient a and
for the mean beam length L,, . This is adequate for some special cases as cubic or spherical
geometries with almost constant temperatures and concentrations. However, in most cases it
is necessary to be able to use varying values of the mean beam length and the absorption. In
the CRG-model there are no restrictions for the variation of these variables. However, the
absorption and the scattering must be isotropic.

The sink term of any point in the furnace is rather easily calculated, given from the fact that
this term is only dependent on the conditions of the point in question. The source term at any
point related to thermal radiation is however dependent on the condition of the whole furnace
or geometry in question. The present model focuses on calculation of the source term for the
thermal radiation.

The Radiosity model

The flux equation of thermal radiation, which is valid regardless of the optical thickness /1/, is
given by:
dg;
dx;

1

=4ale, - R) [W/m®] (1)

where ¢; 1is the radiant flux. The term e, is given by :
e, = 0‘T4 [W/mz] (2)

Above a is the absorption coefficient, o is the Stefan Boltzmanns constant and 7 1is
the temperature in Kelvin of the fluid. The term R s the radiosity (W/m?) which is the
incoming radiation at any point. The total source term for the energy equation /1/ is found by:

S = 44 4a(R-e,) [W/m®] 3)
dx,

1

As pointed out above the sink term is relatively easily calculated. It is given by the equation:

S = —4q0T* [W/m’] 4)

rad,sink
The source term of radiation is much more difficult to calculate. The source term is found as
the radiation coming in from all directions towards the topical point. This term is dependent
on the conditions in all parts of the geometry, as thermal radiation does not follow the stan-

dard transport equation for a fluid scalar, and it comes from walls as well as from the gas it-
self.



For optically thick cases this term can be found by the Radiosity equation /1, 2/. The Ra-
diosity equation is found by setting up the approximation:

4 dR 2
= W/ 5
% =75 dx [W/m] Q)

which combined with equation (1) gives the Radiosity equation:
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The extinction coefficient k& is given by:
k=a+s [m'] (7)
where s is the scattering coefficient.

The Radiosity equation is valid for optically thick cases. However, it fails for optically thin to
medium cases, which are the most common. The next section shows how to overcome this
problem.

The Composite Radiosity and Gap (CRG) model

For optically very thick cases the fluid almost “can’t see” the walls around the fluid because
of the optical thickness. However, for optically thin cases the walls are of importance. One
case in which the analytical solution is known is the radiation between infinite plates of dif-
ferent temperature. The fluid in between is not participating in the radiation, i.e. the absorp-
tion and scattering are zero. The walls are black. The radiant flux between such plates is
found by:

q, =—De, [W/m’] (8)

in which the direction y is a normal to the plates. The term Ae, is equal to o(T2*-T,%) .
It is now assumed that a solution for R between the plates can be found by the approxima-
tion:

% = a;R [W/m3] 9)
D dy

The term D is the gap (distance) between the two walls. Equations 8 and 9 can be combined
to give:

q,=-D-— [W/m’] (10)



By comparing the equations (10) and (5) it is obvious that there is a kind of analogy between
the “stopping distance” 1/k related to the absorption of the fluid in the optically thick case
and the effective geometrical “stopping distance” D in the optically thin case /2/. Now,
taking the term k& as being the “resistance of radiation” in the optically thick case and 1/D
as being the “geometrical resistance” in the optically thin case, these two resistances can be
summed up to give the resulting total extinction for calculation of the Radiosity R :

" — i -1
_k+3D [m™] (11)

The weight between k& and 1/D could be different from the above but calculations of
different cases show that equation (11) gives good results. The resulting equation of the CRG-
model is then given by:

d | 4 dR
"% & (3k'd>g)+4(are,,—akze) (W] (12)

In this equation the terms &’ and a may be constants. However, for most cases they are
not constants and equation (12) can be solved for varying values of these terms. If gas radia-
tion is considered the terms ar and ag may be different. This is due to the fact that the
absorption a of gasses is temperature dependent. The temperature related to the Radiosity
R is found by:

7, =(R/0)"* [K] (13)
The absorptions ar and ar are then found at the temperatures 7Ty, and Tg .

Equation (12) is merely a diffusion equation and is analogous to the conduction equation in
solids including an energy source term.

Now, let us look at equation (12) for different cases. When we have the optically thin case
with radiation between two infinite plates the equation (12) reduces to:

_d | dR 3
0= LD de [W/m’] (14)

When adding the boundary conditions at solid walls R,, = 0T, and solving for R the
solution is found to satisfy the equation (8) for this case. In other words, equation (12) gives
the analytically correct solution for this case.

In the optically thick case the equation (12) reduces to equation (6), the Radiosity equation.
As pointed out this equation is valid for optically thick cases. The question is now, how does
the equation (12) behave in the case of medium optical thickness and how about the boundary
conditions (BC). This is shown in the next section.



Boundary conditions

The obvious boundary condition (BC) at walls is to extend the BC at the optically thin case to
all cases (R,, = oT,,’). However, this gives wrong solutions for optically medium and thick
cases with energy source terms. In references /3/ and /4/ some analytical solutions for cases
with medium optical thickness can be found. The cases have infinite parallel walls as above,
but the walls have the temperature of 0K, the fluid participates with optical thickness from 0.1
to 2.0, and a constant energy source term is introduced in the fluid. Only radiant heat transfer
is considered. There is a wall slip in temperature. This case could be considered as an ideal-
ised boiler situation with radiation from the fluid to the boiler walls and energy release by
combustion in the fluid.

Using equations (11) and (12) on this case gives solutions of the temperature within 2% of the
correct analytical solutions. However, special BC’s have to be introduced for R . Using the
BC’s from above gives too small temperatures and too small radiosities. The following BC
gives the correct solution:

— OTW4 + (jaDOTL4

W/m? 15
. I+, [ ] (15)
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in which
C,, =In(aD +1)/In(2) (16)

In equation (15) T, is the temperature of the participating fluid in the computational cell
adjacent to the topical wall boundary cell, or even better, the extrapolated fluid temperature at
the wall (wall slip). The equations (15) and (16) are empirical equations. It might be possible
to find even better equations but the above give very good results. The meaning of equation
(15) is to change the BC at the wall in relation to the optical thickness aD of the case. With
no participating fluid the BC for R is oT,’ . With a participating fluid the BC for R
gets closer to  oT.’ dependent on the optical thickness.

When the emissivity of the walls are less than 1.0 some additional resistance of R at the
walls must be introduced. From analytical solutions of the case with infinite walls above it
can be deduced that the following transfer coefficient should be used at walls:

h, =(3my & +1—1j ] (17)
4 E

w

The terms Ay and &, are the distance from the wall to the cell mid point and the wall
emissivity, respectively. Equation (17) gives the transfer coefficient for R between the cell
adjacent to the wall and the wall. The flux of R at walls is equal to the total radiant flux at
the walls.

Special boundary conditions are necessary at baffles with heat conduction and for conjugate
heat transfer.



Calculation of the Gap

In the cases presented above the gap D between the walls is very easily found. It is merely
the distance between the plates. However, in general the gap is not that easily found. In such
cases the gap is found by a method described in /2/. A variable L is defined. The equation

for L is:
I T (18)
dx, \ dx,

This is another diffusion equation. L has the unit of (m?) but it has no physical meaning.
The BC of L is zero at all walls. From L it is possible to deduce the gap at any point in
the geometry.

D= 2[[‘“] + 24 [m] (19)

dx;

1

Using equations (18) and (19) the gap related to any point in the geometry can be found. In
the case of infinite plates above the solution will be the distance between the plates. In any

other case the solution will be a very plausible measure of the gap at that point. The gap D
is not a constant in an arbitrary shaped case. It will vary through the geometry.

Band models and sum of grey gases

The model is easily expanded to calculation of band models or sum of grey gases for radia-
tion. The Radiosity equation is solved for each band or gas j and gives different R; for
each band. The absorption a; and the scattering s; of each band or gas is used and proper
BC’s included. The total radiant source is then:

S, = 4ay R, ~aye,) [W/m’] (20)
J

When calculating the absorption coefficient of the participating gas a, the mean beam
length L, of the radiation in the geometry has to be found. In most cases the a, 1is de-
pendent on L, , which is a geometrical term only dependent on the local geometry. For infi-
nite parallel plates in the examples above the L,, is found by:

L =2D [m] (21)
This equation is assumed to be valid for all geometries. Traditionally, in many radiation mod-
els L, were assumed to be a constant throughout the geometry. With the above assump-
tions L, may vary which is very plausible and logical. L,, given by (21) is only the geo-

metrical mean beam length. In cases where absorbing fluids are present, the effective mean
beam length is reduced accordingly, and it is calculated by a method not presented here.



Examples of the use of the CRG radiation model

As shown above in the two analytical described cases with infinite walls the CRG model
gives exact results within a few percent. Theoretically, for optically thick cases the CRG
model gives exact results as the diffusion model. Some other examples of the use of this
model will be given below.

a) Flow and radiation in a confined self-recuperative radiant burner

To be able to predict the conditions inside a confined self-recuperative burner the CRG model
has been used to calculate the radiant heat transfer inside. The heat exchange is partly by con-
vection and partly by thermal radiation. The flow and radiation was calculated by the use of
the STAR-CD CFD-model and including the CRG model in user-subroutines. With the cal-
culations it was possible to predict possible performance for improved prototypes of the
burner compared to the original. Below in Figure 1 and 2 is an example of calculation of the
temperature field and the radiosity field for this burner.

b) Flow and heat transfer in a burner tube for liquid heating

The CRG-model has been used in CFD calculations of a burner tube for heating of liquids.
The purpose was to find the maximum tube temperature at any point to see the risk of boiling
on the outside and to compare with information from the manufacturer of the burner tube. The
results turned out to be very close to the information from the manufacturer, which was based
on measurements. In the Figures 3 and 4 below the calculated temperature and radiosity in a
plane through the axis of the tube are shown.

¢) Flow, combustion and radiation in a glass furnace with flame less oxidation

In the third case the CRG model has been combined with an advanced combustion model for
natural gas combustion in a glass furnace with a flame less oxidation burner. The combustion
has been modelled including about 200 chemical reactions and 50 species. In this model the
EDK model for combining turbulence and combustion has been used. The EDK model was
presented at the INFUB97 conference. The CRG model has been included for the thermal
heat transfer. The absorption coefficient of the gases is varying in the geometry dependent of
the concentrations, the temperature and the mean beam length of radiation.

Conclusions

A new model for thermal radiation has been developed. The model is called the Composite
Radiosity and Gap (CRG) model. The model is very economical in use, as the equations to be
solved are pure diffusion equations. The model should not be mistaken for being the Diffu-
sion model of radiation, which only works for optically very thick cases. The CRG model
covers the whole range from optically very thin cases to optically thick cases. As shown
above in the two analytically described cases with infinite walls the CRG model gives exact
results within a few percent. This is totally adequate for practical use of the model in CFD and
in pure radiation cases. The model gives very plausible results in cases where the exact result
is not known.

The model is very easily implemented in CFD models for combustion and fluid flow. The
absorption and scattering coefficients, the mean beam length for radiation and the calculated
“gap” at any point may vary throughout the geometry and need not be constants. The absorp-
tion and scattering must be isotropic.

Special boundary conditions have to be included for walls and baffles and in case of conju-
gate heat transfer.
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Figure 1. The calculated temperature field inside of the confined burner. (°C)
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Figure 2. The calculated radiosity field inside of the confined burner. (W/m’)



STAR 4

PROSTAR 3.10

28-Nov-01
TEMPERATURE
ABSOLUTE
KELVIN

ITER= 957
LOCAL MX= 1820.
: LOCAL MN= 298.5
1834.
1703.
1572.
1441.

1310.
1179.
1048.
917.0

786.0
655.0
524.0
393.0
262.0
131.0
0.0000E+00

Y

.

Figure 3. The calculated temperature in a plane through the axis of the tube. (K)
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Figure 4. The calculated radiosity in a plane through the axis of the tube. (W/m®)
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Figure 5. The calculated temperature field in a glass furnace. (K)
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Figure 6. The calculated radiosity field in a glass furnace. (W/m’)
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Figure 7. The calculated absorption coefficient in a glass furnace. (m™)
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