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Abstract

The numerical computation of turbulent reacting
flows in combustion chambers of a gas turbine engine are
carried out. The Reynolds averaged Navier-Stokes equa-

tions and the two—equation k& model together with ei-
ther premixed flame or diffusion flame reaction models
are used. The numerical scheme employed here is finite
difference based, together with Multi-Grid method and
Local grid refinement technique. The mathematical
models and numerical method are applied to simulating
the main burners and afterburners of a gas turbine en-
gine.

1. Introduction

Animportant aspect for aircraft engine designis the
adequate prediction of the reacting flow fields in com-
bustion chambers. The velocity and temperature fields
and detailed knowledge of many other factors that would
influence the performance of engines directly guide the
modification of engine components. Frequently exper-
imental study and previous experience are the main ref-
erence sources for designing new engines. This approach
has been proved to be reliable though by no means eco-
nomical and optimal. One of the barriers for using theo-
retical analysis tools in design is the lack of adequate
analytical methods since the governing equations of tur-
bulent reacting flows are highly non-linear and exact so-
lution of such flow problem isnot available. The objective
of this paper is to exhibit our effort in solving numerical-
ly turbulent reacting flow problems in engine combus-
tion chambers.

The governing equations for turbulent reacting
flows are considered to be the Navier-Stokes equation
provided with chemical kinetics [1]. However direct nu-
merical simulation of such equations in high Reynolds
number turbulent regimes for complex geometry prob-
lem like engine combustors isnot possible due to the lim-
itation of computer capacity Instead we use modelling
techniques, that is, using the Reynolds averaged Navi-
er—Stokes equation together with a two—equation turbu-
lent model [2,3,4] and simplified chemical models [5-8].
Earlier applications of these mathematical models have
proved to be adequate both for turbulent isothermal
flows [9,10] and turbulent reacting flows [11-13].

The numerical methods that we used here include
both finite difference discretization of the governing
equations. The system of equations is solved by a Multi-
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Grid method (MG) with possible local grid refinement
technique. The MG method generally accelerates the
convergence of iteration process [14] and local grid re-
finement utilizes a given number of degree of freedom in
an efficient way [15]. The application of the numerical
methods to simulating reacting flows in the gas turbine
engine combustion chamber gives reasonable prediction
of the flame structure and fuel burning efficiency varia-
tions with different burner structure arrangements.
Another example that has been considered is the block-
age ratio and the shape of bluff body flame holders in af-
terburners. These calculations illustrate the potential
capacity of numerical computations in aircraft engine
design.

2. Mathematical Models

For high Reynolds number turbulent reacting flows
the Reynolds averaged Navier—Stokes equation and con-
tinuity equation are given by:
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Where p, U, p are density, cartesian components of
the velocity vector and pressure in Favre averaged

sense. |Lis viscosity, 7;=-pm; is Reynoldsstressten-

sor, which is modeled as [8]:
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In the relations above, density (and viscosity) is
linked either with pressure or temperature (T) through
equation of state. The temperature is obtained from en-
ergy conservation equation:
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Where Hp is energy formation constant, h = I C,dT
Ty

is enthalpy. Density (and viscosity) is also linked with

mass fractions of chemical species (mg). The equations

for mass fractions are:

U.
oM, N domgU; =i[(y +/1,)_c’_9£_a) R, (D)
7

at ax; o, On

In equations (3)—(7), C“, C,, Cq, Oy, Gg, Gy, O are
model constants. Rq is the chemical reaction rate of spe-
cie 0, where 0 is either fuel, oxygen, nitrogen, or carbon
dioxide ete. In our computation we assume that the reac-
tion is fast and consists of a single step:

Fuel + Oxygen — Products (8)

Two distinct reaction rate models have been used:

A. Premixed flame model: The model used here was
developed by Magnussen and Hjertager [7], which is
based on the eddy dissipation concept: The reaction rate
is limited by turbulent mixing rate. For situations with
low temperature no reaction may take place. The effec-
tive reaction rate in the calculation is:
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Where A, B, C, a, b, ¢, E, R are model constants, r is the
stoichiometric constant of reaction.
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B. Diffusion flame model: For situations where fuel
and air enter the combustion chamber in different
streams, we assume that the combustion time scale is
much shorter than the characteristic scale of the flowso
that the fuel and air react immediately when they are
meeting. Assuming chemical reaction is in chemical
equilibrium, equation (10) is valid, we can introduce a
new variable — mixture fraction (f): f = (¢— Qs oxygenintet/C,

=M pye) ~Myygen/T- C is constant for normalizing f, so that
fisin [0,1]. Let f, denotes the value of f at point where
$=0. If f<f,, mp=0, if £>£; then mexyen=0. In each case the
undetermined oxygen or fuel mass fraction can be com-
puted through definition of f and ¢.

For both models A and B, the mass fractions of prod-
ucts can be computed through the reaction formulation
(8) and Zmgy =1.

The model constants used in the computation are as
in reference [12,13].

3. Numerical Methods

The system of governing equations is approximated
by finite differences. Second order central differences
are used to approximate the diffusive terms. Hybrid
(central/upwind) differences are used to approximate
convective terms, depending on the local Peclet number.
The discrete system of equation is solved by a Multi—
Grid (MG) method [14]. The smoother consists of a se-
quence of sweeps (pointwise relaxation) on each equa-
tion. When the continuity equation is updated at a given
cell, the velocity and pressure are updated simulta-
neously. The transfer to coarse grids is done by volume
averaging and corrections are interpolated to fine grids
by trilinear interpolations.

Cooling Air Dilution Alr

Intermediate Air

Figure 1. Illustration of the main chamber of a gas
turbine engine

In order to get improved resclution at near wall re-
gions, a local grid refinement technique is used [15].
These local gird refinements are either isotropic (i.e. the
same refinement in each direction), or non—isotropic (no
refinement in directions parallel to the solid wall). The
boundary conditions on locally refined grids are either




given (at physical boundaries) or derived from the values
on the next coarser grid (at internal boundaries).

4, Numerical Results
4.1 The combustion in the main chamber

Figure 1 shows an illustration of the main chamber
of a gas turbine engine. The fuel is injected in the dome
surrounded by swirling primary air. Another stream of
primary air is supplied through the first row of liner air
holes, resulting the full mixing with the incoming fuel.
To complete the combustion process and reduce ths high
temperature of the cutlet hot gas the intermediate air
and dilution air are introduced through the second row
and rear row of the liner.
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Figure 3. Calculated mass fraction distribution in the
main chambers: A~ 1072, B- 108, C~ 1077, D- 1078,
E- 1075, P-10% G- 103 H-102, 1-107, 0~ 1;

(a)~case 1; (b)~case 2; (c}-case 3. '

Table 1. Incoming mass flux of the main chamber
(kg/s)

Case Fuel Swirling First row Dilution
primary air primary air and inter-
mediate air

1 0.09 1.69 0 0
2 0.05 1.69 1.29 0
3 0.09 169 1.29 3.225

Figure 2. Calculated velocity vector field of main
chambers: {a)}-case 1; (b}-case 2; (c)}-case 3. Qur "numerical experiments” have been carried out
to "measurs” the flame structure variation due to the
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change in the chamber parameters. The chamber struc-
ture parameters for each case are listed in table 1.

In the calculation the diffusion flame model (model
B) is used. The fuel is taken to be propane (C3Hg). The
number of grids is 50x18x26 expanded into 3 MG level.
The inlet fuel and air temperature is 300°K. Fig.2shows
the velocity vector field in the middle plane section in x—z
plane as seen in figure 1. The different inlet arrange-
ments result in extensive variation of the flow structure,
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Figure 4. Calculated temperature field in the main
chambers: A— 389, B~ 582, C— 775, D-9617, E- 1160,
F-1353, G-1545, H-1738, I-1931, J-2123 (K); (a)—case
1; (b)—case 2; (c)-case 3.

cases 2 and 3 show better mixing of fuel and air than case
1. This is observed also in the fuel distribution field sh-
own in figure 3 and temperature filed shown in figure 4.
In figure 3 the location where the iso—fuel lines are dense
is the flame sheet. One can find that in case 1, the flame
is longer and wider so that the temperature at near wall
regions changes fast. In this case the outlet temperature
is uniformly as high as 2000°K. In case 2 and 38 the flame
is shorter and narrower. The temperature of the upper
and bottom walls is reduced by the intreduction of dilu-
tion and intermediate air The outlet temperature is
1000 — 1700 °K for case 2, and 700 — 1000°K for case 3
respectively. Thisisbeneficial for keeping the burner lin-
er from overheating. In this way a suggestion that how
much air should be supplied and where and at what di-
rection may be found by numerical calculations.
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Figure 5. Illustration of the afterburner and flame hold-
er models '
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Figure 6. A sketch of grids used: the local grids are added
around flame holders

4.2 The combustion in afterburners

Figure 5 shows an illustration of the afterburner of a
gas turbine engine. The flame holder blockage ratio and
shape are studied numerically. The running conditions
are listed in table 2.
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Table 2. Running conditions for the afterburner

Case Flame holder shape Blockage ratio
4 triangular prism 0.360
5 triangular prism 0.200
6 moon-like prism 0.333

The blockage ratio is defined as (blocked area)/(total
area) in the cross section perpendicular to the incoming
flow stream. The fuel used here is again propane. The in-
coming stream contains the exhausted gases from main
burners and fresh fuel injected in the upstream of the af-
terburner. We assume that the fuel and air are fully
mixed before the flame holder and the combustion is ig-
nited in alocation behind the flame holder Therefore the
finite reaction rate model (model A) is used. In the calcu-
lation 70x14x30 grids are used, which are expanded into
3 MG levels with one level of local grids 50x22x40 around
flame holders. A typical grids sketch is shown in figure 6.
The equivalent ratio of fuel is 0.6. Figure 7 shows the
temperature field in the mid—plane parallel to the x~z
plane asseeninfigure 6. Figure 8 and 9 shows the carbon
dioxide and unburned fuel fields in the same plane asin

figure 6. In these figures, Ty, Prmcog s, PMpet s are the com-
puted values of temperature, carbon dioxide concentra-
tion and fuel concentrations close to the wall (where
z/H=0.). 1 is defined as (distance in x—direction between
inlet section and computed section) / (total length of the
afterburner in x— direction). In figures 7-9, one vertical
tic mark stands for 200°K difference in temperature, 1%
difference in CO2 concentration, —0.5% difference in fuel
concentration. The relevant values of T, pmeeg 5 PMpyel s
for various 1 are listed in table 3.

The reaction starts at 11=0.25, the location immedi-
ately behind the flame holders. In case 6, the moon-like
flame holder generates recirculation zones even for
N<0.25 asillustrated in figure 5. The combustion started
atn<0.25 for case 8 as seenin figures 7-9. In the calcula-
tions constant temperature (300 °K) is used as wall
boundary conditions for the energy equation. The effect
of flame holders can be illustrated clearly in these fig-
ures, with larger blockage ratio (case 4 and 6) the fuel
consumption is more complete with higher temperature
and stronger outlet gas stream. The relative values of
the outlet gas momentum (p+pU2) is 1, 0.633, 0.983 for
case 4, 5, and 6 respectively. Case 4 and 6 generate 36
percent larger forces compared to case 5.
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Figure 7. Calculated temperature field in the afterburn-
ers on the horizontal y— direction mid-width plane (x-z)
(seefigure 6), = cased4; case 5; -4- caseB6;
each vertical line stands for 200°K difference in temper-
ature, detailed information is listed in table 3
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Figure 8. Calculated carbon dioxide fieldin the afterbun-
ers (the plotting plane and the legend as in figure 7) Figure 9. Calculated unburned fuel field in the after-
burners (the plotting plane and the legend asin figure 7)
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Table 3 Relevant values in figures 7-9

station PM g 4 PM gyl T, °K)
(%) (%)
A 0.25 0.001 2.59 300
B 0.375 0.014 2.58 300
c 0.5 0.052 2.57 307
D 0.625 0.131 2.54 322
E 0.75 0.283 2.49 349
F 0.875 0.453 243 380
G 1.0 0.698 2.35 423

8. Concluding Remarks

From the above examples, we may state that the
mathematical models and numerical methods described
in this paper can be applied to simulating turbulent
reacting flowsin the main combustion chambers and the
afterburners of gas turbine engines with reasonable ac-
curacy. The effect of fully air—fuel mixing and burning by
introducing primary air through the first row of liner
and the temperature-reducing effect of the dilution
gases are captured in the calculations. In the after burn-
er region the effect of flame holders blockage ratio and
shape are well predicted. For flame stabilization suffi-
ciently large blockage ratio is needed. In future re-
searches we expect to include multi-step reaction
schemes in the calculation. In that case the CO field can
be calculated and hence the effect of intermediate air
shown in figure 1 can be studied in greater detail.
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