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ABSTRACT

In this study, both the non-reacting and
the reacting flowfields of a slit V-gutter are
investigated numerically. The flow pattern is
found to be significantly different from that
of a conventional V-gutter. For a small slit
height h, two separate recirculation bubbles
are formed. A smaller bubble is anchored
behind the inner gutter, a larger one follows.
With a larger h, the smaller bubble grows and
the larger one shrinks. As h increases
further, the two bubbles merge to form a
single recirculation zone. The magnitude and
the angle of the slit velocity play important
roles in determining the strength of the
recirculation zone. These results are
consistent with the in-house, experimental
observation. It is also found that an adequate
gutter configuration can provide lower
pattern factor and higher energy content in

the recirculation zone as compared to a
conventional gutter.
INTRODUCTION

Studies of turbojet engines have shown
that substantial performance gains are
possible by increasing the mass flow of air
per unit of engine frontal area. However, the
full advantage of this development cannot be
exploited unless good combustion efficiency at
high velocity levels can be achieved in both
the main combustor and the afterburner. To
stabilize a flame in a high velocity stream, a
region whose velocity is lower than the
burning velocity of the mixture should be
created so that flames can be anchored and
provide a continuous ignition source to the
fresh mixture. A flameholder is devised to
serve this purpose. Studies of wuse of
flameholders in a high velocity afterburner
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are dated back to 1950's'™*. More detailed
discussions can be found, among others, in
Ref. [5,6]. Evidences show that the
arrangement of flameholders is one of the
dominant factors affecting afterburner
performance. The best arrangement of
flameholder is a function of the factors of
environment in which the flameholder must
operate. It is, therefore, obvious that a single
optimum arrangement of flameholders does
not exist for all possible environment
conditions. With advances in numerical
simulation techniques, various parametric
studies can be conducted more cost-
effectively to aid the design. The solver
employed here is developed previously. A
primary-variable formulation and a body-
fitted coordinate system with non-staggered

grid arrangement are used’'®.

In this study, the flow fields of a slit V-

with half angle of 45 degree are
simulated. The configuration of the slit V-
gutter is shown in Fig. 1. This flameholder is
reported to yield a more stable and reliable
flame. An extinction limit at lower fuel/air
ratio and a higher combustion efficiency are

gutter

also reportedg. To simplify the cases, the flow
field upstream of the gutter will not be
considered. The Reynolds number based on
the main stream velocity is 45000. The effect
of the slit height h, the slit flow velocity Vi
and its angle A on the flow field are studied.
Two combustion models are employed, the
fast chemistry model and the eddy-break-up

model.  The differences in predictions are
addressed.
NUMERICAL ASPECTS
The governing equations and the

turbulence model equations can be expressed
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Fig. 1 The Configuration of a Slit V-gutter.
in the following unified form as where
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for the equation. In order to treat the flow in

complex geometries and to incorporate
boundary conditions more conveniently and
accurately. The above equation is

transformed to a non-orthogonal body-fitted
coordinate system, and this leads to
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where VJ is the contravariant velocity, ng is

k

the metric tensor, annd q are the general

coordinates and /g is the Jacobian. For a two-

dimensional, steady, incompressible flow, the
governing equation becomes
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U = (uyy-vxy) s V = (vxg-uyg)/JE
Eqn. (3) can be discretized by using various
differencing schemes and the final form of
discretized equation at the grid point P
becomes

ApDp= Z AD; + Sp
i= WEN.S (4)
The discretized equation (4) along with a
pressure correction equation, can be solved
with the SIMPLE a]gorithm10 Nine equations
are to be solved when eddy-break-up model
is employed. These equations are the
pressure correction equation, two momentum
equations, k, € equations, conserved scalar f
equation, its variance g equation, fuel mass
fraction Yg equation and its variance ggy.

In the present study, the grid cell
structure for the various physical variables is




a non-staggered system. Physical variables of
a grid node are stored at the same location
and sharing the same control volume'!. This
can simplify the cell structure particularly
when application is extended to a three-

dimensional problem.

In the eddy-viscosity approach for
turbulence model, the most popular choice is
the K-£ model which solves the transport
equations for turbulence kinetic energy K and
its dissipation rate & The transport equations
for K and € can be cast in the same form of Eq.
(1).  The diffusion coefficients and source
terms are

I*=p /0" and R“=G-pe
F=p /o and R°= —IE({ C,G - C,pe)

for K equation

for € equation

—
= -puiuj 'gg

(5)

where W is the effective viscosity and G is
the generation rate of turbulence kinetic

energy, and C,, C, are constants.

In the eddy-break-up model, the source

term for the fuel mass fraction Yf equation is

- 12
- Oy ° where

O, = Min [ Ry, Repy |

(6)
and
_ 2. _
Rey = A pYsYyexp (-E/RT)
- _&
REBU‘_‘CrpE’ 8fu
with Cr=4.0 as used in Ref. [13]. Namely, the
source term is determined by the eddy-
break-up rate or the reaction rate, whichever
is the smaller. The source term of the
variance Efu equation is modelled as :
C, Gy, ~ Cyp pogps — R
gl fu 22 PT8f
k7R (7
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and

2
aY;
Gy = Hegr | —
an
where Cgl and Cg2 are constants, Meff is the

R, represents the kinetic

effective viscosity.
rate term for the variance &fu equation. In
many cases, the convection and diffusion
terms are small. If they are simply neglected,
the above &fu equation will be an algebraic
one. Further simplification is also possible by
dropping the reaction rate term in Eq. (6) as
suggested in Ref. [13]. In the present study,

we adopted this approach.

In this study, we define the following
parameters:

1. reversed mass flow rate:

fn:jpluldxdy forus0

2, energy content in the reversed flow

H:J‘ p C T luldxdy foru<0

where Cp is the specific heat

3. pattern factor
pe= Tmax N T4

where Tmax is the maximum temperature in

the flow field, T3 1is the averaged inlet

temperature and T4 is the averaged outflow
temperature, Smaller pattern factor implies a

more uniform temperature distribution.




Fig. 2 The Grid for a Slit V-gutter.

NUMERICAL FIL, VISUALIZATI

The configuration and the dimensions of
the slit V-gutter is shown in Fig.1l. Vi is the
slit flow velocity, and A is its angle. V; is the
main stream velocity. SL is the staggering
distance between the trailing edges of the
inner and the outer rings. RX represents the
length of the recirculation bubble, and RY, its
width. A two-dimensional grid generator LT-
GRID developed by the authors has been used

to create the initial grid”. The grid generator
is based on solving the elliptic equations
which govern the distribution of grids. The
total grid used is 48x60. The resulting grid is
demonstrated in Fig. 2. The Reynolds
numbers based on the main stream velocity
and the diameter of the pipe are 200 for the
laminar cases and 45000 for the turbulent
flows.

Our preliminary results show that the
flow patterns of a slit V-gutter can be quite
different from those of a conventional V-

gutterls. The flow pattern changes
successively as the slit height h increases.
For a small h, two separate recirculation
bubbles are formed. A smaller bubble
anchors behind the inner gutter, a larger one
follows. These two bubbles are induced by
the slit flow and the main stream
respectively. As h increases, the smaller

(a) conventional v-gutter
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(b) slit v-gutter

Fig. 3 Experimental Visualization of the
Reacting Flows (Provided by
Prof. M. R. Wang, IAA)
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Fig. 4 The Predicted Temperature Distributions (Fast Chemistry)

bubble grows and the larger bubble weakens.
Eventually the two bubbles merge to form a
single recirculation zone. It is noted that if
the slit flow does not follow the gutter wall,
both the size and the strength of the bubble
reduces. The above predictions are consistent
with those observed experimentally in Ref.

[9].

RESULTS AND DISCUSSIONS

Fig. 3 shows the the pictures of the
flames in both of a conventional and a slit V-
gutter. - Fig. 4 demonstrates the predicted
temperature distributions wusing the fast
chemistry model. A similar prediction by the
eddy-break-up model is also shown in Fig. 5.
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The Predicted Temperature Distributions (EBU Model)
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(a) fast chemistry model
Observing the temperature contours, it is
found that the temperature is more evenly
distributed in using the latter model. This is

the characteristics of the eddy-break-up
(EBU) model. In the fast chemistry model, the
high temperature gradient is located in the
shear layers anchored behind the gutter. Fig.
6 shows the pattern factors for the above two
models. The values for the EBU model are
significantly lower than those for the fast
chemistry model. A higher pattern factor as h
approaches the optimal value can be
attributed to a more complete combustion.
The effect of the slit height is studied. In Fig.
7, the length of the recirculation zone is
shown to be a function of the slit height. As h
increases the length as well as the strength of

the recirculation zone (Fig. 8) decreases. Fig.
9 shows that the energy content in the
recirculation zone decreases with h. As h

increases to a certain value, there exists only
a small bubble behind the inner ring of the

gutter as shown in the previous studyls. In
this case, the flow field behind the outer ring
actually departs from that behind the inner
ring and can not provide an enhanced
recirculation zone. Therefore, the v-gutter
does not function properly. It is concluded
that the slit height h should be carefully
designed. In these figures, one also observes
that the magnitude of the slit velocity and its
angle have significant effects on the above
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parameters. In general, a higher slit velocity
and an angle which follows the gutter wall
can yield a stronger recirculation zone and a
larger energy content. It seems that the slit
"jet" between the two gutter walls extends the
blocking area of the outer gutter and thus
increases the effective blockage ratio. This
shall favor a stable flame. The best
arrangement studied is the configuration with
V1= 30 and A=45. There exists an optimum h
which results in a maximal energy content.
This is also true when EBU model is used as
shown in Fig. 10.

It may be summarized that the
performance of a slit v-gutter is strongly
affected by the configuration of the slit. In
addition to a larger slit velocity, a slit velocity
angle which follows the gutter wall, the slit
height to be optimized for the best
results.

has

From the results of the present study
and the discussions in Ref. [9], it is believed
that a slit V-gutter has the following
advantages.  First, the fuel-air ratio in the
gutter can be adjusted by adding fuel through
the slit flow. This can benefit the fuel-lean
ignition as well as the lean blow-out limit.
Second, the flame stabilization can be
enhanced by adjusting the slit flow velocity as
demonstrated in our calculation. Third, high
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temperature at the gutter wall can be
partially controlled by utilizing a cool slit
flow.
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