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ARTICLE INFO ABSTRACT

Keywords: Thermal radiation is the most dominant type of heat transfer inside the combustion chamber,
Gas turbine combustion which can directly affect the temperature distributions at the combustor walls. This paper pro-
CFD

vides a comprehensive analysis of the effects of two radiation models on the flame and liner-walls

o temperatures. A combustion chamber used in the Rolls-Royce-RB-183 turbofan engine was
Radiative heat transfer . . . . . . . . . .
Discrete ordinates method (DOM examined in this study by integrating a solid combustor model with the numerical fluid domain.
) The results indicated that the implementation of radiation models shrinks the flame peak-
Spherical harmonics (P-1) temperature and altered temperature distribution across the liner. The Discrete Ordinates
Method (DOM) estimated a 10% higher temperature at the front part of the liner compared to the
non-radiation model and 15% less than the P-1 radiation method. After the dilution zone, the
DOM and P-1 models estimated respectively 15% and 25% reduction in the liner temperature
compared to the non-radiation combustor. The radiation models have also down predicted the
flame temperature by 200 K and more than 200 K for DOM and P-1 case respectively. The results
also showed that the emissivity value had minimal effects on the combustor temperature distri-
bution. The DOM considered being more accurate to estimate the combustor wall and flow
temperatures compared to the P-1 radiation method.

Radiation models

1. Introduction

The combustion chamber is one of the primary components of gas turbine engines, therefore, the combustor design, performance,
and durability are very important parameters which affect the overall gas turbine operation and efficiency [1]. Temperature distri-
bution inside the combustion chamber is an important parameter, which affects the combustor and turbine’s durabilities. Thermal
radiation is the dominant and the most difficult heat transfer mode to simulate inside the combustion chambers [2]. In some appli-
cations, the thermal radiation is responsible for 96% of heat transfer inside the combustion chamber and the combustor walls and hot
gases absorb and reflect part of the combustion energy [3,4].

The main types of radiative transfer equation RTE solution are Discrete Ordinates Method (DOM), Spherical Harmonics Method
(SHM), and the Photon Monte Carlo (PMC) method [5]. The DOM model is simple to implement, however, it requires a long time to
converge for optical thick media [6]. The P-1 method is one of the SHM methods which has been used due to its relative accuracy in
some applications and short simulation time [7,8].

In some studies, the DOM and P-1 models have been examined under atmospheric conditions, simple geometries and considering
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only grey heat radiation [9-11]. However, neglecting the non-grey emission of H20 and CO2 causes insufficient prediction of heat
transfer rate inside the combustor [12]. Furthermore, the numerical study of the turbulence radiation interaction for a reactive flow
using a single-step mechanism for Methane-Air (G. Li and F. Modest [13]) found that including the heat radiation reduces the flame
temperature. The radiative heat loss, using optical thin approximation shrank the peak flame zone [16], which affects the NOx pre-
dictions and the increase of/in the net radiative heat fluxes. In addition, optical thin approximation resulted in an overestimation of the
heat load to the combustor walls [14]. Additionally, M. Paul and W. Jones [15] have confirmed the suitability of the DOM to solve the
radiative heat transfer, however, in their numerical analyses, the heat transfer from fluid-solid-fluid was not explicitly included.

The literature survey showed that limited detailed numerical assessments were found comparing the P-1 and DOM models for aero-
engine methane combustion. This paper provides a comprehensive assessment of P-1 and DOM radiation models on combustion liner
coupled with conjugate heat transfer by integrating both solid and fluid in the computational domain. In this research, several
assessment criteria were combined to intensively evaluate and compare the influences of a radiation model on the flow and wall
temperature distributions of a combustor using Methane as burning fuel.

2. Numerical modelling

Turbulent non-premixed methane-air combustion was numerically simulated using ANSYS Fluent through Finite Volume Method
(FVM). The transport equations were calculated using second-order discretization methods. Pressure-based solver was employed with
SIMPLEC pressure-velocity coupling scheme. A Realizable k-¢ (RKE) turbulence model was used in the combustion simulations. The
Species Transport used with Eddy Dissipation Model (EDM) model was applied to model the combustion process. The reaction rate of
the chemical reactions was inversely proportional to a mixing time 7, which can be calculated as:

k
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The reaction rate r is obtained from the following equation:
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where A = 4 and B = 0.5 are empirical constants.

One step mechanism was used to describe the combustion of and polynomial coefficients were used to compute specific heat,
thermal conductivity and viscosity of the gas as a function of local temperature. The non-premixed one-step reaction mechanism can be
expressed as

CH, +1.50, - CO, +2H,0 3

DOM and P-1 radiation models were used to assess the radiative heat transfer. Both models were coupled with the weighted sum of
the grey-gas model (WSGGM). The overall heat flux was calculated as a summation of each individual grey gas multiplied by the value
of its weight in the composition. The absorptivity and emissivity of the hot combustion gases, were calculated as weight-sum of these
gases [9,16]. The DOM considers the RTE in the 5 direction as a field equation and the energy equation can be transferred to:
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Fig. 1. Combustion chamber geometry and computational grid.
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The transport equation of P-1 radiation model was expressed as:
- V.(¢,) =aG — 4acT* (5)
The radiation flux g, was calculated using the following equation:

g-=—(1/3(a+s,) —Co,) VG (6)
3. Combustor geometry and computational domain

A tubular gas turbine combustion chamber representing the TAY combustor fitted in a Rolls-Royce RB 183 turbofan engine (Fig. 1)
was used in this research. The flame tube consists of a set of six primary holes and twelve dilution holes, The swirler comprises 18
curved vanes oriented at 45° with a thickness of 0.5 mm. The fuel injector has ten 1.7 mm diameter holes located on a cone at 45° with
the axis of the combustor.

The CFD model contained both fluid and solid domains. An unstructured tetrahedral grid was generated for the numerical model as
shown in Fig. 1. The mesh elements were distributed smoothly over the fluid domain, clustered towards the walls with y+ was between
2 and 22.

Four mesh resolutions between 1.5 million to 11 million were examined. The axial velocity profiles were examined and the nu-
merical results were independent of the mesh number as the grid value exceeds five million. The discrepancy between the 5 million and
11 million models was less than 2%, thus, the mesh with 5 million elements was chosen for the numerical simulations.

4. Boundary conditions

The boundary conditions used in the computational model are shown in Table 1. Mass flow normal to the flow direction was
applied at the oxidizer and fuel inlets with turbulence intensities and hydraulic diameters as shown in Table 1. The inlet air was
composed of 21% O2 and 79% N5 while the fuel was composed of 98.4% CH4, 0.3% CO3 and 1.3% N». Atmospheric static pressure was
applied at the combustor outlet. The material of the liner was assumed as NIMONIC 80-A, and the combustor casing was aluminium
(considered as a black body with an emissivity of 1).

5. Validation

Similar to G. Krieger et al. [17], the isothermal velocity profile in the axial location at the area of the primary holes was used as the
method of validation in this research. The results of the isothermal flow were validated against the experimental data of A. F. Bicen and
W. P. Jones [18] and the numerical results of G. Krieger et al. [17] as shown in Fig. 2. The Numerical results fairly agreed with the
experimental data and Krieger et al. [17] with 6% maximum discrepancy in the outlet temperature field.

6. Results and discussion
6.1. Assessment of DOM and P-1 models

Fig. 3 shows the temperature distributions for DOM and non-radiative cases. As demonstrated, the peak flame temperature
decreased, and the zone of the highest temperature was shortened when the radiation was taken into account (Fig. 3-A). The tem-
perature reduction was between 100 K and 250 K (13%) (depending on the angle of probe-A in the Y-Z plane), and the combustor liner
was subjected to a mean temperature increment of 10 K, roughly 3%. Moreover, the downstream profile (Fig. 4-B) did not follow the
same approach as in location (A) with a temperature reduction of 200 K The results of the DOM model agreed well with previous
studies such as [1] and [20]. Furthermore, the liner average temperature distribution upstream of the dilution holes is shown in
Fig. 3-C. The liner wall temperature increased by approximately 30 K (10%) when wall emissivity was 0.5 and only 10 K (3%) for black
body assumption. A similar trend has been demonstrated in the work of R. Dannecker et al. [21]. However, the peak flame temperature

Table 1
Boundary conditions.
Mass Flow Temperature ISA-SLS Turbulence intensity Hydraulic diameter [m]
Oxidizer 0.085 kg/s 300 K In. Ideal gas (0.21 O2 and 0.79 N2) 10% 0.15482
Fuel 0.00163 kg/s 300K 98% CH4 (mass) 5% 0.0017
Outlet 1000 K 10% 0.04
Casing Black body (emissivity = 1)
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Fig. 3. Temperature distribution for Different Probes.
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Fig. 4. Temperature Distribution with and without radiation.

was reduced by 15.5% compared to the non-radiation model.

The temperature contours at mid-vertical and mid-horizontal planes (Fig. 4) show that there were minor differences in the tem-
perature profile at the centre of the combustion chamber. However, the utilization of the P-1 model resulted in a temperature reduction
near the liner walls at the primary zone and the area downstream to the dilution zone. These findings were in line with G. Li et al.
results [13]. Using the P-1 model also resulted in a reduction of more than 200 K in the primary zone average temperature (Fig. 4). This
value can go up to 300 K for a grey gas approximation as reported by Modest [12].

6.2. Comparison of different radiation models

The comparison between the non-radiation, DOM, and P-1 numerical models (Fig. 5-A) showed that the P-1 radiation predicted a
5% higher liner temperature than DOM and almost 10% higher than the non-radiation case. The effect of radiation models on flame
temperature had a similar approach for DOM and P-1 models.

Moreover, by analyzing the wall temperatures (Fig. 5-B), it can be noted that the impact of the radiation model was more obvious in
the rear part of the combustion liner. In the front section of the liner, both radiation models increased the mean average temperature of
the liner compared to the non-radiation model. However, moving downstream of the dilution holes, radiation models resulted in liner
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Table 2

Combustor exit temperatures using DOM and P-1 model.
CASE P-l,e =1 DOM, ¢ = 0.5 DOM, e =1 No radiation
Max Temp at outlet [K] 1908 1979 1984 1990
Area average Temp at outlet [K] 1031 1047 1048 1052
Max. domain Temp [K] 2054 2057 2054 2230
Pattern Factor 2.25 2.247 2.251 2.22

temperature reductions. This behaviour can also be demonstrated by evaluating the temperature distribution of probe-F, which
represents the upper part of the liner wall at the mid-vertical plane (Fig. 5-C). For the DOM model, the front part of the liner (until X =
100 mm) predicted an average increase of the temperature from 5 to 10%, while after X = 100 mm, average liner temperature locally
declined by 5% compared to the non-radiation case. It can be also noted that the P-1 model overpredicted the impact of radiation on
the liner wall temperature compared to DOM. Locally, P-1 predicted 15% higher wall temperature, for the front part of the chamber (X
< 80 mm). Downstream to the dilution holes, there was a small difference between the wall temperature prediction of the DOM and the
non-radiation case. The wall temperature of the non-radiation model was higher than the DOM model between the dilution holes up to
axial distance X = 170 mm with a maximum discrepancy of 6%. Between the X = 170 mm and the exit of the liner, the DOM model
estimated a higher value of wall temperature compared to non-radiation results. This discrepancy increased towards the liner outlet
with a maximum value of 10%. The P-1 model predicted 27% lower peak values near the exit at X = 155 mm. In general, the DOM
model predicted wall temperature values close to the non-radiation case, while the P-1 estimated a larger discrepancy in temperature
values especially near the outlet region of the combustion liner. The largest discrepancy between the radiative models and non-
radiation case was located at the front part of the combustor, and the maximum variation (approximately 12%) was between the
P-1 and non-radiation model. Similar to previous analysis the DOM model showed closer results to non-radiation simulations, which
has been demonstrated in the findings of Mustafa Albas [19]. The small deviation in temperature values at the core of the combustor
for different cases showed that the influences of different models was more noticeable at the combustor walls rather than the middle of
the liner.

Furthermore, the radiation models reduced the maximum and area averaged temperatures compared to the nonadiabatic case as
shown in Table 2. The maximum reduction of maximum outlet and area-averaged temperatures of the P-1 model were 4% and 8%
respectively. The DOM models provided a minor maximum temperature variation compared to the nonradiative model. The maximum
domain temperature was estimated by approximately 8% for different radiation models. Additionally, the emissivity value did not
noticeably affect the temperature profile at the outlet of the combustor.

The above analysis of P-1 and DOM highlighted different aspects of these models and their effects on the temperature distribution
inside the combustor. Overall, the findings of this paper agreed well with the previous studies and provided additional detailed
comparisons between those models.

7. Conclusions

In this paper, P-1 and DOM radiation models were assessed numerically to highlight their influences on the combustion chamber
temperature distribution and the heat transfer process towards the combustor liner. The main findings of this research are:

e The combustor liner was subject to an averaged mean temperature increment of 10 K (3%) using P-1 model compared to non-
radiative model.

e DOM model showed 10% increment in the combustor temperature at the front part of the liner compared to the non-radiative case,
while P-1 model predicted 15% higher temperature than DOM.

e At the downstream part of the liner, DOM and P-1 models predicted a reduction of 15% and 25% respectively. The peak flame
temperature was reduced by 10% (200 K) when DOM was employed, while the reduction of P-1 model was more than 200 K.

e The P-1 radiation model predicted a 5% higher liner temperature than DOM and almost 10% higher than the non-radiation case.

e Changing the liner wall emissivity from 0.5 to 1 did not lead to a noticeable temperature change of the liner nor the outlet profile.

o At the front part of the combustion liner the increased pressure condition resulted in a noticeable increment in liner temperature
(20-25%) compared to the atmospheric case, while downstream to the dilution holes this increment was between 10 and 20%.
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LIST OF NOMENCLATURES

a Absorption coefficient [1/m]

C Linear anisotropic phase function

G Incident radiation [W]

H Total enthalpy [J]

Iy, Black body intensity or plank function [W/m?/sr]
I Wavelength intensity [W/mz/sr]

k Turbulence kinetic energy [m?/s%]

kg Gas thermal conductivity [W/m/K]

kr Radiative conductivity [W/m/K]

ke Turbulent thermal conductivity

ky Wall thermal conductivity [W/m/K]

/s Beam length [m]

In Spectral radiative intensity obtained from RTE [[w/m?/sr/Hz]
n Reflective index

rad / q- Radiative heat flux [W/m?]

R Radial distance from the centreline [mm]
TEDM Reaction rate

S Spectral intensity [w/m2/sr/Hz]

Sh Fluid enthalpy source term

Ss Solid enthalpy source term

T Local temperature [Kk]

Greek Symbols

p Density [Kg/m3]

ey Emissivity weighting factor

@ Equivalence ratio

£ Gas emissivity

Y Kinematic viscosity [m?/s]

ap Plank mean absorption coefficient or pressure absorption coefficient
[ Scattering coefficient [1/m]

D, Scattering phase function

Q Solid angle [degrees]

an / a; Spectral absorption coefficient

Stephan-Boltzmann constant [W/m?%/K*]

€ Total emissivity
y Wavelength [m]
T Mixing time [s]
er Turbulence dissipation rate [m?/s%]

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.csite.2020.100772.
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