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Abstract In this paper, the effect of cold air on the fluid flow inside the cylindrical combustion
chamber and its wall temperature distribution have been studied computationally, taking into account
the effect of radiative heat transfer from hot gases. The results have been compared with the case that
radiative heat transfer was neglected. It is observed that the reattachment length increases when
increasing the expansion ratio, and mixing of two fluid flows are not affected by temperature. As
mixing is directly related to turbulence, higher turbulence will cause uniform mixture in a shorter
length and sudden expansion is helpful for faster mixing. The results show that the combustion
chamber wall temperature due to gas radiation will increase very quickly at the entrance and will then
decrease rapidly, while neglecting the radiation effect, the wall temperature will increase monotonically.
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1. INTRODUCTION

Combustion chamber design is of great importance.
The geometry of these chambers may change
gradually or suddenly. When the fluid path changes
abruptly, flow parameters, flow characteristics, and
the heat transfer will change. Knowing how the
flow parameters, the flow characteristics, and the
heat transfer rate change in these chambers enables
the engineer to optimise his design. In boilers,
furnaces, internal combustion engines, and surfaces
exposed to direct gas radiation, the dominant mode
of heat transfer is radiation.

In order to control the temperature rise in such
devices a cooling system should be supplied.
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Temperature control in the combustion chamber
walls, the turbine internal space, the exit of
convergent nozzle, and also in the burners with
continuous combustion is specifically important
because of metallurgical limitations. Because of
limitations in flammability in such devices, the
fuel-air ratio cannot be lower than a certain value.
The temperature of the products varies with pressure
and fuel-air ratio. The operating temperature is
usually more than the allowable temperature for
the wall. Reducing the wall temperature by
transpiration cooling provides excess air to the
combustion chamber. In most designs, the excess
air enters through the sidewalls.

Forced convection combined with radiation in
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Figure 1. Flow geometry and solution domain.

the developed region inside a channel with horizontal
plates is given by dimensionless equations and
using a two layer model to simulate the turbulence
[1]. A numerical procedure has been applied to
study the convection and radiation heat transfer in
channels with rectangular and triangular cross
sections in laminar flow [2]. Nisbet et al. [3]
presented a summary of recent works in turbulent
flow. In this summary, the details of experimental
and numerical methods and also the turbulence
modeling procedures have been outlined. Ohtsuka [4]
has performed a numerical study for the flow
inside the combustion chamber. The fuel and air
enter the cylindrical chamber with a sudden
expansion. Fuel and air enter as two horizontal
streams. Two different models for combustion
and three different models for turbulence have been
studied. The results were presented as velocity and
temperature profiles and also velocity distribution
along the chamber axis. These results were compared
with experimental data [11,14]. The numerical
study of reactive and non-reactive flows have been
performed using the Reynolds stress differential
model. The mixing of air and helium and the combustion
of air and propane have both been modeled [5].
Radiative heat transfer in combustion chambers
and furnaces has been studied in details [15].
Statistical models have been presented for gas
radiation [16]. An exact numerical procedure has
been developed to solve radiative heat transfer in
cylindrical furnaces [18]. A comparative study has
been carried out to evaluate the radiative heat
transfer models in furnaces [18]. Furnace heat
transfer processes have been studied numerically
[19, 20]. In this study, the processes involved in a
cylindrical furnace have been modeled by one
dimensional, time dependent equations. These
equations present satisfactory results. The
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temperature distribution in a three-zone furnace
has been simulated [21]. A comprehensive study
about heat transfer in industrial furnaces has been
reported [22, 23]. In this report, the model
equations for flame furnaces are presented, and the
contribution of different heat transfer modes in the
total furnace heat transfer are established. High
temperature furnaces have been modeled [24].

In the present study, it is assumed that the excess
air enters the cylindrical combustion chamber
through an annular path. The cold excess air covers
the combustion products and acts as a protecting
layer to control the combustion chamber wall
temperature. In this paper, parametric study of the
flow field, heat transfer and mixing of two fluids in
turbulent flow are studied. The effect of gas
radiation and turbulent mixing of cold air on the
flow inside the combustion chamber are considered.
The parametric investigation to study the effect of
injection height on flow, heat transfer and fuel-air
ratio is also presented.

Liakos, H. H., et al, 2000 [25] presented a two-
dimensional model simulating the combustion
characteristics of a non-premixed natural gas flame
under high strain using the same principles. The
model takes account of the turbulent flow
characteristics, the reaction rates controlled by
mixing and chemical kinetics mechanisms and heat
transfer with convection and radiation. Three
turbulence models, two two-equation models and
one second order, were assessed and evaluated
with respect to accurate prediction of the turbulent
characteristics of the flame. The mechanisms that
control the combustion phenomenon were analyzed.
The computational results were compared with
experimental data with satisfactory agreement.

2. GOVERNING EQUATIONS

The governing equations and boundary conditions,
the flow geometry and the solution domain are
shown in Figure 1 As the figure shows, one half of
the combustion chamber is considered as the
solution domain. The governing equations for two
dimensional laminar and turbulent compressible
flow are considered. In these equations j is zero for
two-dimensional flow and one for axisymmetrical
flow. The standard k-€ turbulence model is used to
simulate the Reynolds stresses [1,3,10].
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a) The Continuity Equation:
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c) Scalar Equations:

)
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The variables k, €, T and w satisfy the following
equations:
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The source term for w is zero and for T, k and € are
as follows:
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variable G satisfies the following equation:
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The gradient of thermal radiation on the wall
satisfies the following equation:

8
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where,
He =H+H, W =C,pk’/e (14)
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The constants for the turbulence model are as
follows:

C =144,C, =192, C, =009, o =10,0,=13

(15)

W , S 0 (16)

¢

w

The properties of the mixture are calculated using
Refs. [7, 8 & 9].

d) Boundary Conditions The no slip condition
(zero velocity) on the solid surface has been
applied. Two steady state flows with different
velocities have been considered at the chamber’s
entrance. The entrance velocity for each flow in

the x-direction is u=u,; and the exit velocity is

u =u,. The entrance velocity in the r-direction is

zero. The exit velocity in the x direction is
corrected using the mass balance equation in each
iteration. The difference between the entrance and
exit masses is divided by the product of density
and combustion chamber’s cross sectional area.
The result is an average velocity that is added to
the previous velocity and is considered as the exit
velocity. The symmetry condition is applied on the
lower boundary. The wall function is used for the
velocity near the boundary:

y+ <11.5
— + 17
p‘effmwan D Slilri]ger y+ 2115 ( )
where
y* Epkl/ZCLMyp /u (18)

The solid wall is either adiabatic or isothermal
(temperature boundary condition). The entrance
and exit temperatures are variable and considered
as T=T and T=T, respectively. The
symmetry applies on the lower boundary.
When the solid boundary’s temperature is

constant the wall function used for temperature
is as follows:
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in which 0 and @, are the laminar and turbulent

Prandtl numbers respectively. If the solid wall is
adiabatic the following condition is applied on the
wall:

oT
—=0 20
o (20)

It is assumed that the production and dissipation of
kinetic energy at the vicinity of solid boundaries
are equal. These values at the entrance are as
follows:

k =0.005%u,’

2
£=0.1xk’

The gradients of k and € at the exit are zero. Two
boundary conditions are considered for the mass
fraction at the entrance, one for the inner flow and
zero for the outer flow. The mass fraction gradient at
the exit in the x-direction is zero and symmetrical
velocities are applied on the lower boundary.

3.NUMERICAL SOLUTION

The finite volume method and power law scheme
have been used to transform the partial differential
equations into finite difference algebraic equations.
The computational domain has been considered as
a Cartesian mesh that covers the whole solution
domain. The displaced mesh has been used to
discrete the pressure gradient and velocity in
momentum and continuity equations. The unsteady
mesh has been enlarged in the x-direction. The
properties of mixture change with respect to
temperature, pressure and mass fraction. Therefore,
the equations are coupled and should be solved
simultaneously. The unknown term (pressure) in
the momentum equation is found using the SIMPLER

IJE Transactions A: Basics



N — NO-RADIATION

—— TR=.068  N=500
— TR=1 N=300
— TR=17 N=200

2500

2000

1

x 1! De

Figure 2. Effect of optical thickness on local Nusselt number.

2500
NU

2000

1500 i

1000

500

| S ST VT SR I S S S I T WY
30

x | De

Figure 3. Effect of emissivity on local Nusselt number.

algorithm so that the continuity equation is satisfied.

The convergence criterion has been chosen in
such a way that the sum of momentum and mass
residuals is less than 0.001. In order to prevent the
non-linear equations from diverging, the under
relaxation coefficient of 0.7 is used for velocity, 1
for pressure, 0.8 for temperature and mass fraction
and 0.6 for production and dissipation of turbulence
kinetic energy.

4. RESULTSAND DISCUSSION

a) Sendgtivity Analyssand Accuracy Accuracy
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studies and sensitivity analysis of air in a channel
with a sudden expansion, without injecting excess
air and together with radiation at different expansion
ratios have been investigated by S. Gallehdari [14].
There is good agreement between experimental
and numerical results [11]. To obtain the optimal
number of grid points, sensitivity analysis has been
taken into account: the numerical results have been
obtained using three different mesh sizes, namely
40x20, 60x30 and 80x40. It has been noticed that
the grid independent solution is obtained for the
60x30. The grids finer than that do not alter the
accuracy of numerical results. The numbers of
iterations that lead to the grid independent solution
varies with the Reynolds number at the inlet.

b) Gasradiation effects The effects of optical
thickness and emissivity on the local Nusselt
number for the turbulent flow between two parallel
plates when Re = 100,000 are shown in Figures 2
and 3. The figures show that the local Nusselt
number increases with optical thickness as well as
with gas emissivity.

The dimensionless temperature at the wall for
two fluids at different temperatures is illustrated in
Figure 4 when H/R=1.5. In Figure 5 the dimensionless
temperature at the wall for two fluids at the same
temperature is shown in a sudden expansion together
with radiation. It can be concluded that the radiation
at the combustion chamber’s entrance is very effective
and may raise the wall temperature considerably.
In practice, we may use thermal shield or any other
technique in order to prevent the wall temperature
exceeding a certain limit. Figure 5 shows the
temperature distribution near the wall for two fluids
at different temperatures in a sudden expansion with
radiation effects.

¢) Mixing Effects To study the effect of mixing, a
combustion chamber, 0.10m in diameter and 2.5m
long, is considered. It is assumed that the combustion
products at 1000 K and 0.005 kg/s enter the
combustion chamber. Making the mass flow of hot
and cold fluids constant, the inlet flow velocities
will change with the inlet height, H.

A typical flow field for H/R=0.4 is illustrated in
Fig. 6. The rotational region on the centreline and
the developing flow field along the chamber are
high-lighted in the figure. In Fig. 7 the streamlines
are drawn for three different H/R ratios. The rotational
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Figure 5. Temperature distribution near the wall for two fluids at different temperatures.
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Figure 6. Turbulent flow field for two fluids in the combustion chamber.

Figure 7. Streamlines for mixing of two fluids at different H/R ratios.

region on the centerline which is formed as a result rotational region, the better the mixing process and
of different flow velocities is shown in the figure. the sooner the homogenous mixture is formed.

The length and height of the rotational region In Figures 8 and 9 the lines of constant
decrease as the H/R increases. The starting point of temperature and constant mass fraction ratio are
the rotational region is also shifted to a further shown respectively. It can be seen that the shape of
distance from the inlet section. The bigger the the above lines are almost similar. This is because
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Figure 8. Temperature contours for mixing of two fluids at different H/R ratios.

of the similarity in differential equations and
boundary conditions applied for temperature and
mass fraction ratio. In fact, when Pr=Sc, the
dimensionless equations for mass fraction and
temperature are the same. In Figure 10 the lines of
constant k are drawn for H/R=0.05 and H/R=0.5. It
can be seen that the lower the H/R the higher the
kinetic energy. The ratios of turbulent kinetic
energy for the above ratios are 75 to 1. As a result,
it is realized that mixing process is directly related
to turbulence. That means for the higher degrees of
turbulence the mixing process is accomplished
faster. The other statement from the above figures
1s that at low H/R ratios, as a result of rotational
region on the centerline, the cold fluid diffuses into
the hot fluid while at high H/R ratios the direction
of diffusion is reversed. The variation of mass
fraction ratio along the combustion chamber using
power law and hybrid schemes at four different
temperatures is illustrated in Figures 11 and 12. As
can be seen from the above figures, increasing the
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temperature does not affect the mixing process. In
Figure 13 a typical flow field in the combustion
chamber with a sudden expansion is illustrated.
The streamlines are shown for expansion ratios of
1.5, 2 and 3 in Figure 13. The figure shows the
bigger the expansion ratio, the longer the rotational
region.

In order to study the effect of sudden expansion
on fluids mixing, the expansion ratio and the fluid
mass flow rate are assumed to be 1.5 and 50 g/s
respectively. The typical flow field is shown in
Figure 14. This figure indicates the velocity
vectors in the rotational regions produced behind
the inlet expansion along the centerline. Figure 14
indicates the streamlines when H/R is 0.1, 0.3 and
0.45. As the figure shows, two rotational regions
are created, one behind the expansion and the other
one along the centerline. The dimensions of rotational
region along the centerline decrease and its starting
point gets further from the inlet region when H/R
increases. The lines of constant temperature and mass

IJE Transactions A: Basics
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Figure 10. Comparison of energy contours at two different H/R ratios.
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Figure 12. Mass fraction distribution near the wall for two
fluids at different temperatures.

ratio are indicated in Figure 15. This figure shows
that the mass diffusion rate is higher and the
mixing process is performed more rapidly as a
result of sudden expansion, in other words, a more
uniform mixture is produced at a shorter distance.

d) Comparison with experimental data
Experimental data are available [25] for temperature
distribution along the center-line of a cylindrical
combustion chamber having the aspect ratio of
3.38, the fuel inlet, primary air and secondary
air temperatures of 295 K. The combustion
chamber being studied in this paper has an aspect
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H-1..5

ER=3.0

Figure 13. Streamlines for turbulent flow for different ER.

Figure 14. Streamlines for mixing of cold and hot fluids.

ratio greater than 10, so that thermally developed
turbulent regime is ensured.

5. CONCLUSIONS

Fluid flows in many processes taking place in
combustion chamber are turbulent. Combustion

IJE Transactions A: Basics
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chamber can be designed optimally by knowing
the effect of different parameters on the flow and
heat transfer processes that are involved. The mass,
momentum and energy equations for the laminar
and turbulent cases were solved computationally
using a finite volume approach and power law
scheme. Semi-Implicit Method for Pressure Linked
Equations Revised (SIMPLER) algorithm was
used in the computational procedure.

The numerical modeling and parametric study
were carried out to investigate the effect of
injecting height of the cold air on fluid flow, heat
transfer and mass fraction ratio of two fluids in the
mixture. The study indicates that the temperature
difference is not an important parameter on the
mass fraction. Furthermore, the variation of mass
fraction of two fluids is directly related to the
degree of turbulence. It is also evident that higher
turbulence, results in more uniform mixtures at
shorter distances. The study reveals that the higher
the injecting point, the lower the mean and the
maximum temperature of combustion chamber. It
is also clear that the local Nusselt number increases
with emissivity and the optical thickness of the
gas. It also increases as the conduction-radiation
parameter decreases.

The effect of radiation on the Nusselt number at

IJE Transactions A: Basics

the inlet is very important. A comparison between
the without-radiation and with-radiation cases can
be made in Figure 2, which shows the Nusselt
number at the entrance with-radiation is about 6
times bigger than that without-radiation. This ratio
decreases along the positive x-axis and approaches
one at the exit of combustion chamber.

The effect of emissivity on the Nusselt number
at outlet of combustion chamber is significant. A
comparison is made in Figure 3, where the local
Nusselt number is shown for three different
emissivities . The Nusselt number at exit for e=1 is
almost 6 times bigger than that for €=0.5. This
ratio decreases along the negative x-axis and
approaches one at the inlet.

Thus, considering the operating conditions, the
optimum values for the parameters involved in
combustion chamber design can be selected using
parametric studies.
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7.NOTATION

b
I

Turbulence model constants

Specific heat at constant pressure
Combustion chamber diameter
Total radiation

Height of outer flow

Turbulent kinetic energy
Overall absorption coefficient

Molecular weight
Conduction-radiation parameter

ZZE&Z 7 mAOU o n
1
=
|
=

Nu Nusselt number

P Pressure, turbulent kinetic energy
production rate

Pr Prandtl number

R Combustion chamber radius

Re Reynolds number

R; Internal radius

R, External radius
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Sc Schmidt number

T Temperature

w Mass fraction

u,v Velocity components

X,T Coordinate directions

X, Length of combustion chamber
Greek Symbols

B Extinction coefficient

p Density

1l Dynamic viscosity

H, Turbulent viscosity

Mo Effective viscosity

€ Turbulent energy dissipation rate
o Laminar Prandtl number

o, Turbulent Prandtl number

O, Turbulence model constant

o, Turbulence model constant

€ w Wall emissivity

Tx Optical thickness, T s =kyR
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