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ABSTRACT

The numerical simulation of the radiative heat-transfer
in reacting flows in aircraft gas turbine combustion
chambers is presented. The radiative heat-transfer pro-
cess is modelled by extending the Discrete-Transfer
Method(l to arbitrary geometries. The modified
scheme uses a ray tracing technique in general curvilin-
ear coordinates. The model equations for the reacting
flows are the Favre averaged Navier-Stokes equations
together with the two-equation & — ¢ turbulence model.
The mean reaction rate is handled through the use of
the Eddy Dissipation Concept modell?l. The flow cal-
culations are performed using a fully second order finite
difference scheme. The results show that heat radiation
plays an important role in temperature distributions.
It was found that the relative importance of the ra-
diative heat-transfer is different for different flame sit-
uations. In particular, it is more important in flames
with low flow speed. Different shapes of the presumed
probability density function have also been examined.

1 INTRODUCTION

Radiative heat-transfer is believed to be one of the im-
portant heat-transfer mechanisms in combustion cham-
bers, such as gas turbines®-1%, For engineering ap-
plications, an important question is the contribution
of heat-radiation to other energy transfer/production
processes: advection, conduction, and heat-production
due to chemical reaction. It is also evident that due to
the non-linear dependence of the chemistry on the local
temperature, the total effect of energy-transfer can not
be simply super-posed. Radiation plays an important
role in heat transfer: without radiative-heat transfer
one would see much higher local temperatures, which
by itself would result in significant increase in the for-
mation of NO,. The effects of radiative heat-transfer
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are important from engineering point of view. It is
also clear that the geometry of the combustion chamber
plays an essential role for radiative-heat transfer. Other
factors that determine the temperature in a combus-
tion chamber are the location and extent of the flame
soot formation, and the mode of combustion (e.g. stag-
ing). It is, however, not uncommon that the effects of
heat radiation are neglected, by which one can simplify
the analysis {e.g. the analysis of the "flamelet” outer
structurel6- ).

Calculation of radiation in an absorbing-emitting-
scattering medium is difficult, since the governing
relation is an integrodifferential non-linear equation.
Some assumptions are usually adopted for engineer-
ing applications such as "grey gas”, non-scattering, or
isotropic scattering assumptions[4]’[5]. Several meth-
ods have been proposed for solving the radiation inten-
sity field: Monte-Carlo Method[sl, Zonal Method[gl,
Finite Fluxes Methods[m], Finite Volume Method!11]
and Discrete Transfer Method (DTM)[”. Extensive re-
views on various methods are given in referencestSh4]
QOur effort here is concentrated on applying an ex-
tended DTM to reacting flows in complex geometries
and studying the relative importance of radiation in
rcalculation of turbulent reacting flows in gas turbine
combustors.

The DTM proposed by Lockwood and Shahtll
consists of the following steps: The boundary of the
domain is discretized into small area segments (cells).
The radiative flux impinging on a boundary cell is dis-
cretized into a finite number of rays with associated
solid angles. The ray travelling in the medium starts
at some other boundary cell. The ray path is identified
by some ray-tracing technique. The equation of radia-
tive flux intensity is discretized and integrated along
the path of the ray (assumed to be straight). When
the intensity field is solved, the source term in the en-
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ergy equation due to radiation can be computed. The
key 1ssue for DTM is the calculation of ray paths in
a complex geometry with (fully or partially) reflect-
ing boundaries. In section (3.2), we propose a “ray-
tracing” technique that can be applied to general 3-D
problems.

The radiation calculation has been integrated into
a three dimensional reacting flow solver121-[141 The
model equations used in the solver are the Favre av-
eraged Navier-Stokes equations together with the two-
equation k — ¢ model. The interaction between chem-
istry and the turbulent fluctuations was modeled using
the Eddy Dissipation Concept modell®]. These gov-
erning equations are solved using a second order finite
difference schemell4]. The interaction between turbu-
lence and radiation has to be accounted for. This has
been less addressed in the current literature. Here, we
consider the usage of the presumed Probability Density
Function (PDF) to account for the effect of the fluctu-
ating temperature field on the radiative intensity. Some
different types of the PDF shape have been investigated
(in section 4.2).

Using the above mentioned models and numeri-
cal methods, we performed calculations in cylindrical
shaped combustion chambers (a gas turbine combus-
tor} with non-premixed fuel (methane) and air supply.
The relative importance of the radiative heat-transfer
in the calculation of the flame temperature profiles in
different flame situations has been examined, and it was
found that the temperature field could be overpredicted
by more than 10% when neglecting heat radiation.

2 GOVERNING TURBULENT

FLAMES

EQUATIONS FOR

The governing equations for turbulent flames are the
Navier-Stokes equations together with the continuity
equation, energy conservation equation, equation of
state, as well as other supplementary equations. In
the following, the equations for heat transfer are given,
while the detailed description of the other governing
equations are given in references(121-(141[15]

2.1 MODELS FOR COMBUSTION IN TURBULENCE

The Favre averaging process is applied to the Navier-
Stokes equations and to the other transport equations
that govern turbulent flows. The resulting unknown
terms (e.g., the Reynolds stresses and the turbulent
scalar fluxes) are modeled by the k — € equations based
on the eddy viscosity. The fuels employed here are
Propane and Methane. A two steps reaction schemel16]

is employed:

2n

1
(0, +3.76N)

— nCO -+ (n + 1)H20 + (376n + 1.88)N2
CO +0.5(0; + 3.76N;) — CO, + 1.88N, (1)

CrHonys +

The reaction can be assumed to be ”"fast”, so that
the overall reaction rate is turbulence-controlled. We
use the ” Eddy-Dissipation Concept” of Magnussen[Q] to
account for the turbulence-chemistry interaction, i.e.,
model the dependence of the mean reaction rate on
turbulence.

2.2 BASIC EQUATIONS FOR HEAT TRANSFER

For studying the reacting flows at low Mach numbers
with Lewis number equal to one, the energy conserva-
tion equation for steady flows can be written as
Opujh 0 ,u Oh
=—(=7—)-V- 2
ij aCCj ( P,- 6:8]' ) ar ( )

where the enthalpy is defined by

T
h=Y;h;, and h; = CpidT-i-HiO. (3)
To
H? is the heat of formation of species i at reference
temperature To(~ 25°C). Y;, Cp, are the mass fraction
and the specific heat capacity of species i, respectively.
p, T are the gas density and temperature. wu; is the
velocity component in z; direction (j = 1,2,3). p is
the molecular viscosity. P, is the Prandtl number. qy
is the radiative heat-flux. The three terms, from left to
right in Eq. (2) represent advection, conduction and
radiative heat-transfer, respectively.
The term due to radiative heat-transfer is calcu-
lated by

[e%¢] 4
Veogr=V- (/ / i\, sdQdA)
0 0

o0 A 3.
- / / %) 40dx 4)
0 0 ds

where s and s are the coordinates and unit vector along
the path of a ray, respectively. z')\ is the intensity of ra-
diation at the wave length A. The equation for the
radiative transfer for an absorbing, emitting and scat-
tering medium ist4.

di;\ g X g
s = —apty Ay — Tsaly
Tg 4n ’
+-= i (0)®(R, 2, A)dQ; (5)
4r J,
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where a,,0;, are the absorption and scattering coeffi-
cients at the wave length A, respectively. ®(2,;, ) is
the phase function for scattering, and i:\b is the black
body radiation intensity.

We adopt the assumptions of diffuse grey gas and
non-scattering medium. These assumptions are ade-
quate in the sense of averaging in the A space. Eqgs.
(4), (5) can be then simplified to

47 dI
V- qr = /(; —d—SdQ (6)
dI oT*
7 = Oa=1+—) ()

where I and o, are the radiation intensity and absorp-
tion coefficient of the diffuse grey gas. o = 56.7 x 10~12
[kWm~2K~*] is the Stefan-Boltzmann constant.

The absorption coeflicient is a function of com-
position, temperature, pressure, mean beam length[5],
etc. The method of computing the absorption coeffi-
cient is given by Modak[17], In reacting flow calcula-
tions, one has to solve the coupled system (2),(6), (7)
as well as conservation equations for mass, species, mo-
mentum in addition to the equations used for modeling
turbulence.

The boundary conditions for I in (7) are speci-
fied by computing the total influx energy into a given
control surface area, and the amount of radiated en-
ergy (due to the surface temperature, and taking into
account the emissivity of the surface). Thus, once the
outgoing radiative energy is given, one may compute
the radiative intensity I, and (7) can be integrated. At
inflow/outflow boundaries, we assume no reflection.

2.3 HEAT TRANSFER IN TURBULENT FLAMES

Flows with combustion are practically always turbu-
lent. Turbulence plays an essential role in combustion
and heat transfer. In many engineering applications,
one is mostly interested in the mean quantities of the
turbulent field. By using the Favre average, the energy
equation (2) can be written, in terms of the means and
correlations of the fluctuations, as:

— 7
62 0z B om MMV e ()
The overbars denote the ensemble (or time) averages
and the tildes denote the Favre averages. The super-
scripts ’11’ denote the fluctuations from the Favre aver-
aged value. Equation (8) contains unknown terms, i.e.,
the turbulent heat fluxes —ph’'u and the mean radia-
tive heat source V - qp. These terms are not known

and can not be computed directly from basic princi-
ples (this is the so-called ’closure problem’). Therefore,
one has to model these terms if equation (8) is to be
solved. Various modeling approaches may be adopted,
depending on the underlying assumptions that have
been made. Modeling of the turbulent heat fluxes can
be done using the transport equation of the turbulent
heat fluxes (the second order closurells]), where higher
order (third order) correlations have to be modeled.
The mostly used approach is to model the turbulent
heat fluxes based on the eddy viscosity and gradient
diffusion hypothesis, i.e.,

o e L e ©)

where y; is the eddy viscosity, which can be computed
from the turbulent kinetic energy (k) and the dissipa-
tion rate of the turbulent kinetic energy (¢) (k and ¢
can be computed using the two equation k& — ¢ model,
the detail is given in references[m]“[ml).

Here we are mostly interested in the calculation
of the mean radiative heat transfer source term V - qp.
Egs. (6 -7) show that in order to compute the mean
radiative heat source, the mean radiative intensity T
has to be evaluated. Applying the ensemble average to
Eq.(7), we have

di oo T4

ds

= —0.d + (10)
Two unknown correlations 0,1 and 0,74 have to be
provided or modeled. The first one is the correlation of
the fluctuating properties of the medium (i.e., the ab-
sorptivity) and the radiative intensity. This term is dif-
ficult to model due to the limitations in measured data.
Generally, the two correlations can be computed by the
joint probability density function (PDF) (T,p,Y;,...)
via the integration

(T, 7aT) = /.../(aal,aaT4)x

o(T,p,Y;,..)dTdpdy;... (11)

The typical value of o, is between 0.2 and 0.3 in most
flame fields. To first approximation, one may assume
that o, only depends on the properties of the medium,
and that it is independent of the turbulent fluctuations.
Hence,

0.l =651,
1
o 4 = F;/ (Tmin + T(Tma:c - Tmin))4W(T)dT’ (12)
0

where 7 = (T' = Trin)/(Tinae — Tmin) is the normal-
ized temperature. The subscripts maz and min denote
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the maximum and minimum values, respectively. This
simplification enables us to study independently the
influence of fluctuating temperature field on the radia-
tive intensity and on the radiation source term in the
energy equation.

The following shapés of the presumed PDF, p(7),
are considered: the § function, the triangular distribu-
tion (in these two cases only the mean of temperature
is recovered exactly), the § function and the clipped
Gaussian distribution!19]. In the latter two cases, the
mean and the variance of the temperature field deter-
mine the PDF. Higher moments are then ”extrapo-
lated”. In this sense, the presumed PDF which in-
volves the information of higher order correlations will
yield better accuracy. However, in practice, correla-
tions more than second order are very hard to model.
The behaviour of different shapes of PDF will be dis-
cussed in section (4.2).

The mean of the temperature can be obtained
from the energy equation and thermodynamic rela-
tions. The variance of the temperature field may be
estimated by

o 525,‘12

7.//2 —_

- (Tma.x - mirL)2 (13)

where ¢ = \/ T"? / T is the relative intensity of the tem-
perature fluctuations. £ may be computed through
solving a transport equation; here we assume that ¢
is a global constant parameter for simplicity. We are
mostly interested in the influence of different PDF
shape on the radiation heat transfer.

Instead of a presumed PDF, one may solve a
transport equation for the PDF. The transport equa-
tion for the PDF has been derived, as discussed by
Pope[QO]. This approach implies that some unknown
terms (e.g. conditional expectations) must be modeled
by employing certain physical assumptions. In addi-
tion, the need for solving an additional set of transport
equations, which is usually time-consuming and requir-
ing large computer capacity, makes the approach less
attractive for applications that are not very sensitive.

3 NUMERICAL METHODS

The governing equations for reacting flows are solved
numerically, using second order finite differences (sec-
ond order upwind scheme for the advective terms;
second order central differences for the other terms).
A more detailed description of the scheme is given
elsewherel121-(141 1n the following we shall describe

the discrete transfer method that we have used for solv-
ing the radiative transfer equation (7).

3.1 THE DISCRETE TRANSFER METHOD

The basic idea behind the discrete transfer method is
as follows: Assume that the radiating rays arriving at
boundary surface element i(¢ = 1...M) are represented
by a finite number (i.e., N) of rays. The l;, ray with the
solid angle AQ; (I = 1,...N) starts from j;; boundary
element. On each ray equation (7) is integrated over
the passed cells to obtain the radiation intensity field:

0 1 L

T4
IZ}L-{-]. — Iir?e—a“'”As'" + Uﬂ_m (1 _ e——aa,,,Asm), (14)
(m=1,..,L)

where L is the total number of cell that ray ! passed.
At boundary cell j,

0 _ +
i — 9 /27 (15)

where ¢ is the heat flux of the outgoing ray. At bound-
ary cell 4,

N
¢t =(1-e)d AU +oe, T (16)
=1

€ is the wall emissivity (€, ~ 0.5). The outgoing heat-
flux at the boundary can be recast into an iterative
form:

where n is the iteration step.

Each outgoing ray is then traced until it hits
a solid boundary. During its passage through the
medium, the ray losses/gains energy depending on the
local composition and temperature of the ambient gas.
The accuracy of the DTM depends on the number of
the discrete rays and the radiation-grid spacing. Here,
we ensure, by successive grid refinements, that the
number of rays, and the radiative grid resolution are
adequate in our calculations.

3.2 RAY TRACING TECHNIQUE FOR GENERAL GRIDS

The key problem remaining is the determination of the
relation between a ray and a cell. That is, how to find
the set of cells, @™ (m = 1,...,L), passed by the ray
1. This set of cells is used when computing Asp,, 0am
and 7, in the integration sequence (14).

Assume that the cell is so small that each of its
surfaces can be approximated by a flat plane. The
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Figure 1: A sketch of the discrete radiative ray passing
through arbitrary computational cells

l;r, ray with the unit direction e; has the directional
cosine (71, Y2 ,y3) crossing the surface S™ at point
P™(&m, Ym, 2m ). The next point P™*+! is determined
through the following steps:

(1) Determine the cell that the ray will cross. As
seen from Fig. 1, there are two cells (A and B), which
share surface S™. Assume the normal direction of 5™
towards cell A is n. If e -n > 0 the ray will pass cell A,
otherwise pass cell B. Denote the crossed cell by Q™.

(2) Determine the surface that the ray will meet.
In cell @™, compute s (the distance to the next surface)
for different surfaces by the following relation:

s = a(xO - xm) + b(yO - ym) + C(ZO - zm) (18)
a1 +by2 + 73
(0,0, 20) is any point at the surface being checked,
one may use one of the four corner points. {a,b,¢) is
the directional cosine of normal vector of that surface,
e.g., the equation for the surface being checked is

alzo— )+ b(yo —y) +c(z0 —2) =0 (19)

Check all the surfaces (except S™), find the smallest
positive s. The surface with the smallest positive s is

the one being crossed by the ray in Q™, denoted as
gmtl

(3) The next point crossed by ray I. The point
that ray { will cross at the surface SM+1 ijg pm+l.
(Tm+1, Ym+1, Zma1) = (Zm + 871, Ym + 572, 2m + 73).

With the information of @™, P™*! and As,, Eq.(14)
can be integrated in cell Q™.

4 CoMPUTED CASES

The turbulent combustion flow in a gas turbine com-
bustion chamber has been investigated using the above
described methods. It is also our aim to study certain
aspects of modeling turbulent reacting flows with radia-
tive heat-transfer: the influence of different shapes of
presumed PDF on the resulting radiative heat transfer;
and the relative importance of radiative heat transfer
as compared with other heat-transfer processes (e.g.
advective transfer).

4.1 'THE SPECIES CONCENTRATIONS AND TEMPERA-
TURE

The gas turbine combustion chamber has been assumed
to be cylindrical and axi-symmetrical. The geometry
of the combustors can be seen in the concentration
field and temperature field. For convenience, we as-
sume that L is the length of the combustor in axial-
direction (z), R is the radius of the combustor in inlet
plane (i.e., z = 0). We use the ratio L/R = 4.

The combustion chamber includes a liner contain-
ing a dilution air entrance and a film-cooling arrange-
ment, as shown in Fig.2-3. The outer wall boundary
condition for the energy transfer is assumed to be adi-
abatic (dT'/dn = 0) and the liner wall condition is as-
sumed to be heat conducting in one (normal to the
wall) direction. The fuel is Methane, which is injected
through the inlet near the central line with inlet ve-
locity of 0.57m/s. The primary air is injected with a
velocity of 5.17m/s. The equivalence ratio of the fuel
to the primary air is 0.968. The secondary air is sup-
plied at a velocity of 1.015m/s through near side-wall
inlets and the liner holes. The overall equivalence ratio
is 0.165. The inlet fuel and air are supplied at one atm
and 300°K.

The number of grid points used in the calculations
is determined by the required accuracy. The accuracy
is estimated by solving the problem on several grids
with different mesh spacings. In order to keep the grid
number minimal without significant loss of accuracy,
we use periodic boundary condition in the azimuthal di-
rection based on the observation that the mean steady
state flow field is axi-symmetric. The mesh used has
3 grids in the azimuthal direction, 104 grids in the ax-
ial direction, and 92 grids in the radial direction. The
radiative intensity is calculated on a 3-D grids with
number of grids of 53, 47 and 16 in the axial-, radial-
and azimuthal direction, respectively. The dependence
of the numerical solution on the number of rays can
be examined in terms of the temperature field. The
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Figure 2: The velocity vector field in the upper right
part of the combustion chamber
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Figure 3: The temperature field. Upper half: heat
radiation is considered; lower half: heat radiation is
neglected

temperature profiles computed by using 16 and 64 rays
differ by only 3%. Hence in consequent calculations we
use 16 rays emanating from each boundary element.

The iterations are stopped when the residuals of
the discretized equations are reduced by five orders of
magnitude.

The velocity vector field near the inlets is shown in
Fig.2. The liner guides the secondary air into the main
chamber and the dilution channel. This results in a
desired temperature field (cf. Fig.3): low temperature
near walls. The recirculation region near the inlets can
also be seen in Fig.2. A consequence of the recirculation
is the local high temperature in this region (cf. Fig.3),
which is beneficial for flame stabilization. The upper
and lower halves of Fig.3 show the temperature fields as
computed with and without taking the effect of thermal
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Figure 4: The species concentration field. Upper half:
the Qs concentration; lower half: CO concentration

radiation into consideration, respectively. The highest
temperatures in these two calculations differ by 200 K
(more than 10%). The distribution of the temperature
is also quite different: without considering radiation,
the high temperature region is located in downstream
region across the axis, which is the flame sheet loca-
tion. In practice, because of the thermal radiation, the
high temperature region loses energy, and other cooler
regions, especially the low speed flow recirculation re-
gion receives energy. The upper half of Fig.3 shows this
effect: the highest temperature is located near the up-
stream recirculation region, away from the axis of the
combustor.

The concentrations of O, and CO are shown in
Fig.4. In this case the secondary air stream is fairly
strong, so that oxygen is rich near the liner and the
combustor wall. The flame is confined in the central
region around the combustor axis. CO is also con-
centrated in this region. The strong secondary stream
dilutes the outlet CO concentration. It also delivers
sufficient oxygen so that CO is further oxided to form
COs.

4.2 INFLUENCE OF THE SHAPE OF THE PRESUMED
PDF

In the above calculation the é function has been used
as the PDF shape for calculation the influence of tur-
bulence on the heat radiation. Namely, the correlation

in the mean radiative transfer equation is computed by
Tt =T,
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In the following we consider the influence of the
shape of the presumed PDF on the radiation calcula-
tion, and on the flame temperature distribution. Fig.5
depicts the profiles of temperature and the radiative
source term (—V -qy) along the central line of the com-
bustor. The different lines correspond to the different
shapes of PDF: the ¢ function; the triangular distribu-
tion; the F function with two different levels of tem-
perature fluctuation intensity (10% and 20%). As seen
that the radiative source terms are quite sensitive to
the shape of the PDF, and also to the selected values
of turbulence intensity. It is interesting to note that
the f-function distribution gives results close to those
of the é-function distribution, especially when the in-
tensity of the temperature fluctuation is small. The
triangular distribution gives a radiative heat transfer
source term that differs considerably from the results
calculated using the other two functions. As a result,
the temperature profiles are different for different PDF
shapes. The difference of the temperature profiles is
smaller compared with the difference of the radiation
source terms, due to the combination of other heat
transfer effects.

In further calculations the § function is used for
simplicity. A more detailed investigation can not be
done without comparison with more accurate data,
e.g., data from measurements or from direct calcula-
tion of the PDF distribution.

4.3 THE RELATIVE IMPORTANCE OF RADIATION IN
HIGH SPEED FLOWS

In the following, we shall investigate the relative im-
portance of the radiative heat transfer in flames with
different characteristic velocity scales. The calculation
is performed in the same gas turbine combustor geome-
try as is shown in the previous section. The same grids
are employed in this calculation. We keep all the oper-
ation conditions the same as before, except the velocity
at inlets. Two cases has been considered. As is shown
in Fig.6, case (a) is the one used in the calculation dis-
cussed previously. In case (b), we amplified the inlet
flow speed by a factor of ten. That is, the fuel inlet ve-
locity is 5.7m/s. The primary air velocity is 51.7m/s.
The secondary air is supplied at a velocity of 10.15m/s.

Fig.6 depicts the temperature profiles along ra-
dial direction at z/L = 0.6 plane (the profiles in other
planes have the similar features). Ashas been discussed
earlier, in case (a) the effect of radiation is large. How-
ever, the effect of heat radiation in case (b) is negligible,
as shown in Fig.6. This is because that the advective
heat transfer is more important in high speed flows,

(—v * qr)L/(pUh)fuel;inlet
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Figure 5: The temperature profile and the profiles of
the radiative source terms (—V - qr), normalized at
the fuel inlet condition, along the central line of the
combustor with different PDF-forms

;as is the case for case (b). This supports the assump-
tion of neglecting the radiative heat transfer in some
cases, for instance, when asymptotic analysis is used

for laminar ﬂamelet[ﬁ]’[7]’[14].

However, in general one should be careful when
neglecting the effect of heat radiation. Since in many
cases the velocity scales in the field is multiple: there
are regions, such as those near stagnation points, where
the velocity is generally low, even in high speed inlet
flows. Besides, one has to consider other factors inter-
acting with heat radiation: the temperature distribu-
tions; the gas, soot or wall absorptivity, emissivity and
reflectivity, etc.
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5 CONCLUDING REMARKS

Calculation of turbulent combustion and radiative
heat-transfer in a gas turbine combustion chamber has
been carried out. The calculations were based on the
generalization of the Discrete Transfer Method for ar-
bitrarily shaped geometries. A ray tracing method is
proposed for handling the arbitrary shaped grids.

A less-investigated aspect in turbulent reacting
flows is the modeling of the interaction between the
temperature fluctuation and the heat radiation. By
using different presumed PDF, we found that this as-
pect may be important in situations where there are
large amplitude temperature fluctuations. Using the
mean values for computing the radiative source in the
energy equation is reasonable in cases with globally low
levels of temperature fluctuations.

The calculations reveal that in many cases the ra-
diation heat transfer plays an important role in deter-
mining the temperature profiles. The error in the mean
temperature may be more than 10 % by simply neglect-
ing the effect of radiation. In some other cases, e.g. in
high speed flows or low temperature combustion, the
relative importance of the heat radiation may be small.
However, the error due to the neglection of radiation

effect may be large in calculation of other quantities,
for instance, the N O, emissions, soot levels, etc. Thus,
it is believed that when one is interested in details, one
has to take into account heat radiation.
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