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Abstract
The paper present mathematical model for two-dimensional axi-symmetric,
swirling recirculating, elliptic.,, turbulent, and reacting flow inside annular
combustor. The present model is restricted to single-phase, kinetically influenced
combustion with negligible radiation heat transfer.the mathematical model
comprises differential equation for : Continuity, momentum, stagnation enthalpy,
concentration, turbulence energy . wall function approach is incorporated to this
model to simulate the boundary near wall region. The simultaneous solution of
these equations by means of a finite-difference solution algorithm yields the
values of the variable at all internal grid nodes. All procedure is based on
development of a computer program in annular combustor. The predicted results
indicate that the inlct temperature have significant effete on the performance of
flow field. The numerisel result shows good agreement behavior of all properties
of low feld.
Keywords: CFD, Combustion, turbine flow.
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1. INTRODUCTION chemistry .The modeling should also
The modeling of a2  pas turbine account for sudden expansion of
combustor should include flow fields mixture of air and fuel at inlet , the
, heat transfer, wrbulence, and chemistry of combustion of liquid fuel
combustion phenomena. These are in air, the flow field characteristics of
conjugating  different  complex the mixture [1]. The flow field
processes related to physics (fluid computation in gas turbine combustor
mechanics and transport) and is based on the techniques for the
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solution of the elliptic partial squation
together with the finite - rate
chemical kinetics. The combustion
may be considered single phase
diffusion controlled. By examining
the behavior of welocity, pressure,
temperatureg and chemical
composition at points throughout the
flow, the mathematical modeis of gas
turbine combustor consist of a set of
simultaneous  partial  differential
equations with additional relation for
the state variables . Further expression
for the rate of production of various
guantities are required . For example
the production of chemical species
may be determined from the law of
mass fraction unitizing appropriate
thermodynamic and reaction rate datz
[2).

Computational  fluid  dynamic
(CFD)  has attained  significant
advancements in accurately predicting
turbulent flows by means of improved
modeling capabilities and higher order
numerical techniques. In presence of
reacting flows, design and parametric
optimizations of combustion system
components (injectors, burns, liners,
combusts, etc) pose highly difficult
challenges, and still have 1o rely on
extensive, and expensive,
performance testing [3].

There are two main requisites for
a correct evaluation of CFD models,
the availability of a set of

experimental dala accurate and
detailed encugh 10 enable the
specification of the boundary

condition, and a comparison between
experimental and numerical
information and limitations of the
numerical models, simplification have
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10 he made for specification of the
boundary condition and their effects
assessed prior of CFD appraisal .To
facilitate this and because no cormect
prediction of combusting flow is
possible  without a  preliminary
evaluation of the physical model
embedded in the computer codes
under less demanding condition, the
study of noncombusting gas turbine
combustor flow becomes task of
great importance in this route toward
a greater reliability and confidence of
the numerical models and their use in
combustor design [4].

1- Problem Dependent

Before describing the problem -
dependent, the problem embodied in
the present work is described. The
geometry of the problem is shown in
figure (1) .A premixed fuel - air
mixture is admitted steadily into axi -
symmetrical combustion chamber
having three dilution hole of diameter
I0 mm is at the top wall of
combustion chamber .The dilution
hole into the chamber is at a distance
of 90 mm and the second at 135 mm
while the third is at 200 mm. The
combustion chamber walls are
cylindrical having 80 mm internal
diameter and 350 mm length. The set
of differential equations for @ solved

are WV, VP ko8 and h
Quantities obtained from auxiliary

relations are, T, m_, ,l q-and p.

2-1 The finite — difference grid and
integration domain.

The finite -~ domain grid employed
here exhibits 40 *20 grid modes in the
x and r direction respectively. The
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distribution of the grid node is
revealed in figure (2). The grid
spacing in the radial direction is
regular except near axis of symmetry,
and spacing in the axial direction is
regular from side wall until the third
dilution hole and then changad
smoothly o minimize the
deterioration of the formal accuracy
of the finite differencs scheme due to
variable grid spacing and in such
away that a higher concentration of

nodes occurs near the hole. A
cylindrical  polar  system  of
coordinates with the longitudinal

direction aligned with the axis of the
combustor is used, the annulus is not
included, and the hemispherical head
and the dilution holes are
approximated by rectangular shape.
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- Predication Procedure
3.1 The phvsical models:

Two main physical models are
employed: namely a hydrodynamic
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turbulence model, and a combustion
maode]

3Ll The  hvdrodynamic
turbu odel

. Several models of wrbulence have
been put forward by different authors,
These models differ in complexity
and range of applicability; they also
involve the solution of differemt
numbers of differential equations .
The turbulence model incorporated
into this research is the high Reynolds
number k-£ two equations model of
Harlow and Nakayama [3] as
developed by Lander and Spalding
[6]. This model requires the solution
of two differential equations, for the
two turbulence properties: the kinetic
energy of turbulence k, and its
dissipation rate & The maodel is
moderate in complexity, It has been
extensively used by many
investigators and has proved to be
adsguate over a wide range of flow
situations,

3.1.2 The combustion model

During combustion the fuel
(mixture of hydrocarbons) reacts with
oxidant stream (air ) to form products
of combustion . The products are not
usually formed in single chemical
reaction; the fuel components and the
oxidant undergo a series reaction [7].

The combustion model employed
here is a relatively simple chemically
reacting system (SCRS), which
assumes instantaneous reaction with

allowance for concentration
fluctuations. The instantaneous-
reaction assumption implics that
whenever fuel and oxidant exist

together at a point, chemical reaction
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will proceed instantaneously o
completion in  single step and
producing  complete  combiustion

products. As & consequence of this
assumption, fuel and oxidant ma not
present in the same place at the same
time. However, because the flow is
urbulent, the concentrations of fusi
and oxygen fluctuate with time so that
ai the same point, fuel and oxygen
may be present separately, at different
times. Thus , the local fluctuation of
the concentrations will affect the local
time — mean values of unburned fuel

mass fraction , and hence the rate of

reaction , consequently , an estimate
of the magnitude of the fluctuation
and its effect on the rate of reaction is
required [ 1.

The rate of the chemical reaction for
turbulent flows by an Arrhenius
expression for laminar flows and by
the eddy — break — up mode! for
turbulent flows

3.2 Governing Differential equation

The mathematical formulation
of the flows and the physical models
underlying the formulation, are
presented in this section . That
includes  the partial  differential
equations (PDES) , that describe the
fluid flow, These equations are based
on the conservation of mass (for fusl
and matter) , momentum, and thermal
energy equation . To demonstrate the
effect of turbulence on the flow . a
turbulence model which involves the
solution of two transport equation for
the turbulent kinetic energy . k and
its dissipation rate ¢ ., will he
deseribed . The mathematical model
contains  some  remarks  about
additional  equation required o
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complete the formulation the.
General form of the governing
differential equation, which can be,
expressed all the (PDES) used
mathemaiical model.

fﬁf} < (pug)+ ——urfﬁrﬂ

E y 3] g ;
w e el L I e R
m|r¢5 J rci[réﬂr & (1)

identifies

the dependent variable ‘S s
identically equal to either the mixture
density o or zero Iy is the

In the above equation @

appropriate exchange coefficient for
the variable ;t and s is the source
term which includes both the sources
of @ (positive or negative) and any
other terms which cannot find a place
on the left — hand side of the equation.
Table (1) summarizes the equations in
the form that are solved in present
WOrk.

pk* o
CQ -'-E— ........... (2)

ILI_I.:r = My ?#;......””..(3:|

where g, =

is in the table equation Gy is the
generation term for the kinetic energy
of turbulence and given by :
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where 4 is the laminar or molecular
viscosity of the fluid. Often 4,

very large compared with g, and
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M5 can be taken equal to U4,

without introducing serious errors.
This practice is employed in the
present work .Recommended values
[9] for the constant appearing in the
above equations are:
Cp=0.09,
C:=].91._

G =09
The Schmidt number O, off

for the dissipation rate of turbulence is
calculated from:

KI
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where k is the Von-Karman constant,
A value of  assumed for x [9].
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Table (1) Govemning Differential

Eqguations

The h-cquation expresses the

conservation of the stagnation

enthalpy of the mixture, defined by:
h=mo M, =CpT ..(6)

It is derived form the first low of
thermodynamic together with some
simplifying assumption ref. [10].

Special treatment Near Wall
To avoid the need for detailed

calculations in the near -wall regions,
algebraic relations are employed for
the near wall grid nodes, which have
1o be spaced at such a distance from
the neighboring walls that lie within
the so-called logihmic layer. Such
relations are termed wall functions.
References [11], and are derived so as
to  reproduce  identically  the
implications of the “logarithmic
profiles,” with uniform shear stress
prevailing up to the near wall grid
node, and generation and dissipation
of energy locally in balance.

The velocities in fluid layers parallel
to, and immediately adjoining, a wall
obey a modified logarithmic law " law
of the wall " [11]

P i_.i,, (£ 3* Jucs wonk T
where
i 1
T ks : ¥ =£—i—rﬁ. ' (8)
My Hy

u, is the known velocity
tangent to wall
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1
P N

uy = Lr—’ |1 wheare
FLEY
. = wall shear...... 19)

=@ distance of the wall from
the near — by grid nods
k, £ constams depending on wall
rotighness
k is the Vonkarman constant = 0.4
and £ =9 for smooth wall
*The length scale of turbulence,

which is linked to k and &
is.proportional to the normal distance
from the boundary.

*The diffusion of turbulence kinetic
energy normal to such boundaries is
ZEro

3.3The Equation of the Auxiliary
Variables

To complete the mathematical
formuilation, additional equations one
required 1o -

3.3.1 TheCombuastion Variables: -

Form tables | the wvalue of
fuel mass fraction and wvalue of
Methane fraction can be calculated as
foliow,

\
= Faw

e SUSTPN 1)1
\Fe—Fox
!
; ¥l
mu,—lnr"u-——_T is [l
Adar J
i 1
Where 4, = =2 | jnla
5 )
AT
Py m = i 1)
%

Po=img ) inler  S: staichonetric ratio
of oxidant 1o Fuel

3.3.2 The Thermodynamic
Yariables: -
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The time means value of the
mixture density is  determined

from({8]:

_mb
R ()

where M 1s calculated from the
computed mass fraction

Cpmir™ M L+ g +men Ko+l o = Pipes = mgXop,

, are the

inixture  fractions of the unburned
fuel, water vapor, and carbon dioxide,
rzceptively.

While

Where my myy,. and m,

‘:pﬁs,cpmg JAiao, and ':.fr""‘ll.arr are

the specific heats at constant pressure
of: the fuel, of a mixture of CO; and
H:O resulting from stoichiometric
combustion of fuel in O, and a
mixturs of equal masses of N; and air,
respectively. Furthermore,
LHPIH,CFEDE.HI 3, and CpNE.nu are
assumed to wvary linearly with
temperature  according tw  the
following relations

Cpg = 1675+ 2667 Jlkg
CPeus a0 = 131003687 J/kg
Coyy air =948+ 0.1507T J kg

The constants in equations above
were optimized so as to produce the
best fit for the individual specific
heats, over the range of temperature
investigated; the reference values of
the component specific heat being
those reported in reference [ 12].

The time-mean static lemperature is
derived form:

rotomalflye (14)
Clﬂ.ﬂ'ﬂl
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3-4  The
Procedure:

Numerical  Solution

The set of differential equations are
first reduced to finite difference
equation gxhibiting upwind formation
of the coefficient ref [I3 ], and then
solved iteratively by the "SIMPLE"
procedure ref  [l4].A  detailed
description of the particular solution
procedure emploved here is presented
inref[15].

4- Results and Discussion

Resulis are obitained
numerically and for wrbulent reacting
flow with and without heat transfer
under the conditions illustrated in the
forgoing sections where the mixture
flow of air and fuel inside gas turbine
combustor is burmed at a distance near
the inler of the mixture. These results
include the flow field and thermal
characteristics for, differemt inlet
temperatures to the combustor
(634,656,678 KF), differemt fuel-air
ratio (.02, 0.018, 0.016), and the
turbulence quantities for different
velocity ratio (0.5,1.0, 1.2 )
Figures (1-5) present the welocity
vector plots, and clearly indicate the
similarity in flow behavior for two
cases 1o be studies. The main features
of the flow pattern, such as reversal in
the primary zone, jet penetration, and
the flow acceleration toward the exit
of combustor, are clearly indicated in
their figures. The behavior of flow in
all regions in the combustor that may
contain near-stagnant flow provides
valuable assistance. TFrom  these
figures it can be seen that the value of
velocity increased when increased
Tin,and F/A ratios and it is ciear from
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the length of the vector arrow and this
due to increasing in kinetic energy of
the flow. It can be seen form these
figure also the value of exit velocity
as labeled in figures is suitable for
turbine stage when inlet Mach number
about 0.3. These figures give a good
agreement for the value of velocity
from the inlet to exit of the
combustor, for example, figure (1)
where the input velocity 137 m/s, the
exit velocity 561 m/s and these values
is reasonable for the performance of
2as turbine combustor.

The gas temperature contours are
illustrated in figures (6-10). For the
two cases to be studied the values of
temperature  is  increased  when
increasing Tin, F/A ratios, and fuel
types. This is because increasing in
the energy input to to the flow .For
example in figure (6) the contour line
number 13, the temperature value is
2347 K° while in figure (7-28), the
zame contour line number 13, the
temperature  is 2581 K°  This
increasing in  field temperature
specially in the exit of the combustor
is necessary because it gives energy 10
the flow, but this increasing is limited
to permissible value for the turbine
blade, and liner wall. Also when
increasing F/A ratio fo certain limit to
satisfied stable, fast combustion, and
low pollution. The behavior of field
temperature is reasonable everywhere.
The fuel rich mixture prevailing in the
primary zone of the combustor results
in high gas temperature in this zone
due to combustion process as the
whole heat being added at the
entrance, The subsequent admission
of air downstream brings the mixture
in cooler regions in particular near the
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walls. The regions surrounding the
axis of symmetry is relatively higher
in temperature than that of the wall,
but it less than the region near the
entrance, It shows gradually decay
from axis of symmetry to the wall.

The transport of fuel is illustrated by
the contour plots of fuel mass fraction
in figures (11,12). Two cases are to be
studied, different inlet temperature,
and differemt F/A ratio. Small
increasing in fuel mass fraction about
10% by increasing inlet temperature
of the mixture and fuel type duc to
heat addition to the flow without
increasing in mass flow of the
mixture. The increasing of F/A ratio
from 0.016 to 0.02 will increase the
value of fuel mass fraction by 15%
due to increasing the quantity of fuel
which causing uncompleted
combustion. Value above 1% occurs
only within the primary zone of the
combustor. The fuel jet, unable to
penetrate  the  toroidal  vortex
prevailing in combustor head, mixes
with the swirler flow and escape
between the primary jets, being
transported near the wall with reduced
mixing with the central core of the
flow, formed mainly by primary jet
fluid. In the dilution region, the jets,
because of their weaker penetration
drive the luel toward the centerline.

The contour plots in figures (13,14)
show the oxygen mass fraction. Three
cases are to be studied, different inler
temperature, different F/A ratio, and
different fuel type. These figures can
easily show that the oxygen mass
fraction values above 80 percent in
the regions near dilution hole because
no fuel. The regions of primary zone
and axis of combustor have relatively
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lower value due to mixing with the
mixture. Small effect of oxygen mass
fraction with  increasing inlet
temperature, and F/A ratio, of the
fuel.

Figurc (15) shows the turbulent
kinetic energy distribution at different
velocity ratios (U,/Ug). The wrbulent
kinetic energy peaks at the jets entry
and the three dilution holes and then
deices  rapidly  and  spreads
downstream the region with the jets
combined. i is noted that the effect of
velocity ratios is very small
everywhere except at the entry region
and this due to difference in
production. transport, and dissipation
of Kinetic turbulent energy between
the three peaks of the entry jets
associated with different velocity
ratios. Figs. (16), and (17) shows the
predicated contours of turbulent
viscosity for different T}, and F/A
rativ, It is evident for increased T,
and F/A the field wrbulent viscosity
increased, From these figures it can be
seen that the values of viscosity
change through the flow field, which
increasing in zones of high turbulent
kinetic energy and high temperature
due combustion of mixture and
decreasing with increased of axial
distance due to enhance the mixing
between entry and dilution ports.

5-1 Conclusions:

Numerical investigation of flow field

inside gas turbine combustor s
performed. The numerical study is
done by solving the governing

equations that are based on the
conservation of mass fuel and matter,
using finite difference technique.
Finite domain computer program that
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could handie the problem is
developed. Two  cases  are
investigated: different inlet

temperature, and different F/A ratio.
The  distribution of  valocity,
compaosition variable, eddy viscosity,
and other flow property are given in
the  computation. The main
conclusions of this work are: -

1. The effect of velocity ratios is
very small everywhere except at the
entry region,

2, Increased T, and F/A  will
decrease the field turbulent viscosity.
3. The peaks of wrbuient kinetic
energy of jets decay rapidly and
spread with downstream distance in
the region when the jets combined.

4- The wvalues of viscosity change
through the flow field, which
increasing in zones of high turbulent
kinetic energy and high temperature
due combustion of mixture and
decreased with increased of axial
distance,

5- The behavior of flow represented
by vector plots in all regions in the
combustor provides good agreements,
f-The value of wvelocity increases
when increasing Tin,and  F/A ratios
7- The value of exit velocity is
suitable for turbine stage when inlet
Mach number is about 0.3.

8- The behavior of field temperature
is reasonable everywhere

9- The regions surrounding the axis
of symmetry have relatively higher
temperature than that of the wall, but
it is less than the regions near the
entrance.

10- The temperature values show
gradually decay from axis of
symmetry up to the wall,
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11- The increasing of F/A ratio will
increase the value of fuel mass
fraction by 15%. Value above 1%
occurs only within the primary zone
of the combustor,

12- The oxygen mass fraction values
are above 80 percent in the regions
near dilution hole.

13- The regions of primary zone and
axis of combustor have relatively
lower value of oxygen mass fraction.
14- Small effect of oxygen mass
fraction  with  increasing  inlet
temperature, and F/A ratio

Recom ons:

In this section some proposals are
made for improving and extending the
present numerical model. These
proposals are listed below:

I. Extend the present model to
three — dimensional

2. Extend the present study for
different emtry ports of fuel and
exidant.

3. Using the present model to
study two-phase flow combustion.

4- Studying the radiation heat transfer.
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Figure (2) Velocity vector for T,= 678 K°

and F/A=0.02

Vin=255 mv's
Mach Mo.70.38

Mach Moo= R4

Figure (3) Velocity vector for T,= 678 K°

and F/a=0.02
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Figure (4) Velocity vector for T= 634 K°
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Figure (5) Velocity vector for T,= 634 K*
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Figure(9) Temperature contour for T,= 634 K*
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Figure (11) Fuel mass fraction for
different Tin (a)T.= 634 K. (b)T.= 656
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Figure (12) Fuel mass fraction different

F/A ratio (a) F/A=0.02 (b} F/A= 0.018
{c) FFA=0016
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Figure (13)Oxygen
different T, (a)T,=634 K (b)T_=656 K
(c)T,=678 K
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Figure(14) xygen mass fraction for
different F/A ratio (a) F/A=0.02 (b) F/A
=0.018 {c) FFA= 0.006
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Figure (15) Distribution of kinetic
energy (a) UoU~0.5 b) Uy/Uy=1.0
(c) U, U;=1.2
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Figure (17)Turbulent for different
fuel type

e (a) Kerosene (CiHig)

{b} Ethan {C_‘Hg}

(c) Methane (CH,)

Figure (16) turbulent viscosity for
difterent Tin

(a)T, =634 K

(b) Ty =656 K

()T, =678 K
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