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(i) providing high residence time for the flame to propagate into
the incoming fresh mixture, and (iii) serving as a source of
continuous ignition for the combustible fuel-air mixture.

To obtain low exhaust emissions, Pratt & Whitney currently
tailors the combustor flow control mechanisms to produce an
"inside-out" recirculation pattern, illustrated in Figure 1.
Therefore, the research combustor was required to reproduce this
type of recirculation pattern. At the same time, it had to provide
stable combustion over a wide variation in its loading, be
geometrically simple for ease of experimentation and computation,
and provide adequate optical access for measurements.
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Fig. 1: Flow patterns in a modern annular combustor showing swirl
and recirculation dominating the "inside-out" primary zone.

Design Criteria

The following were established as the leading criteria to
satisfy the above design requirements:

1. Introduce fuel and air separately to produce a turbulent
diffusion flame.

2. Have geometric simplicity so that accuracy of CFD modeling
is not affected by the combustor shape representation.

3. Be two-dimensional to minimize the cost of CFD modeling,
and to simplify measurements and their interpretation.

4. Have well-defined boundary conditions so these may be
correctly represented in CFD modeling.

5. Contain the flame fully near blow-out conditions for all
loadings that should be achieved without recourse to exotic
operating conditions.

6. Avoid flowfield interference and non-stationary behavior due
to acoustic resonance.

7.  Provide good optical access for flow visualization and laser
diagnostics.

8.  Be inexpensive to manufacture and operate, but have
structural robustness and durability.

These criteria contain several potential conflicts and indeed,
simultaneous satisfaction of all criteria without some compromises
proved not to be possible.

Design Constraints:

The research combustor was to be operated in the
Fundamental Combustion Laboratory of the U. S. Air Force, 2
Wright Research and Development Center, Aero Propulsion and 3
Power Laboratory, W-PAFB, Ohio. A layout and a detailed &
description of this laboratory is given by Ballal et al. (1987).

The research combustor was to be mounted vertically on the
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laboratory burner, which is bolted to a traverse platform capable of

a vertical movement of 61 cm and a horizontal movement of 23 cm
in each of the other two directions.

directly above the combustor exit section. A 3-component LDA 3
system for velocity measurements and a CARS system for flameg
temperature measurements are arranged on two separate 1.22 m x 3
2.44 m optics tables on either side of the combustor. By moving g
the combustor relative to the fixed optical diagnostics, theg
complexity of the optical arrangement is minimized. Of course,E
this imposes constraints on the combustor design. For example,%

An exhaust hood is located 3
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the combustor dimensions must be chosen such that the scale of 2

©
events of interest taking place inside the combustor are within the S

traverse distance of the platform. Similarly, the requirement to
have the base of the combustor in line with the height of the laser
beams above the optics table and the location of the exhaust hood

above the optics table places a restriction on the maximum length g

of the combustor. Finally, the combustor has to pass through a 40
cm x 40 cm square cut-out in the breadboard optical bench which
carries the LDA-CARS optics and also binds the other two opncs
table.
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Air was supplied to the combustor in the 510 Kg/br to 4,900 g

Kg/hr range at atmospheric pressure. The combustion laboratory §

provides gaseous propane and methane fuels.

For propane, flow <

©
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rates beyond 20 Kg/hr are difficult to obtain due to limitations of &

the facility. This fuel flow rate limit imposes additional constraints &

on the combustor design.
Aerothermochemical Design

At the outset, use of swirl generators was ruled out forg
establishing a recirculating flowfield because Sturgess et al. (1986)
found that they produce complex inlet boundary conditions for
CFD codes and current turbulence modeling calculates swirling
flows inaccurately (Sturgess and Syed, 1985). Also, Gupta et al.
(1984) observe that a strongly swirling central jet induces exit flow
into a combustor and produces precessing vortex cores. Therefore,
jet expansion was used to generate the inside-out recirculation.
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The jet expansion arrangement consists of a central gaseous
fuel jet surrounded by a coflowing annular air jet. Both jets
suddenly expand into a confinement that is symmetrical about the
jet axes. This configuration, which can be either planar or
axisymmetric, represents a single sector of a practical annular
combustor rather well. The back-pressure effects produced by the
transverse air jets in a real combustor had to be considered for the
research combustor as well. Individual air jets are three-
dimensional and do not provide the required uniformity. Therefore,
the back-pressure effect was simulated by restricting the outlet
from the research combustor by means of an orifice plate. This
restriction was sufficiently far downstream from the sudden
expansion that the step-recirculation zones were not affected.

In this research combustor, gaseous hydrocarbon fuel was
burned because its chemistry resembles that of vaporized JP-fuels.
The choice between propane and methane was made based upon
their peak flame temperatures, transition Reynolds numbers, flame
lengths, lift-off heights, and blow-out characteristics.

Peak flame temperatures were important because the
annealing temperature limit for fused quartz window is
approximately 1450 K. Since, heat release would be confined to
the central portion of the combustor, it seemed feasible to operate
the combustor at 1700 K corresponding to ¢ = 0.6 for propane-air
mixture. This value of ¢ represents LBO conditions similar to well-
stirred reactor performance (see Clarke et al. 1958).

Since the research combustor must operate in the fully
developed turbulent region, the critical transitional Reynolds
numbers for propane and methane fuel jets were obtained from
Hottel and Hawthorne (1949) as 10,000 and 3,000 respectively.
Flame length is important because the combustor must confine the
flame. For enclosed flames, Beer and Chigier (1972) and Lenze
(1982) have shown that the flame length depends on the Thring-
Newby criterion, 6 and the excess air ratio, A. Figure 2 shows a
plot of flame length ratio L/Lf vs. 1/6.
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Fig. 2: Flame length ratio as a function of reciprocal Thring-
Newby criterion for various values of excess air ratio for an
enclosed, natural gas flame (Lenze, 1982).

Now, for ¢ = 0.6, and A = 1.7, the maximum flame length L/L, =
1.3 occurs for zero recirculation (i. e., when 6 < 1). This condition
determines maximum combustor length = 200 and 296 fuel jet
passage heights for propane and methane respectively.

When conditions for critical Reynolds numbers, maximum
propane flow rate, and maximum flame length are combined, the
required combustor length for both fuels exceeds the available
space in the facility. Therefore, recirculation (1/6 > 1.0) becomes
a prerequisite. At ¢ = 0.6, less recirculation is required for a
propane flame of the requisite length than is required for methane.

As the LBO condition is approached, the attached diffusion
flame lifts from the fuel tube and is stabilized slightly downstream.
This is the region of most interest and relevance to the present
study. Thus, the combustor has to be long enough to contain the
lifted flame region; and this region has to fall within the traverse
window. Both Kalghati (1987) and Dahm and Dibble (1988) have
shown that propane has less lift-off height than methane.
Considering both flame length and lift-off heights, the choice of
gaseous propane yields smaller combustor length.

Choice of Configuration

For easy optical access, the most ideal configuration for the
research combustor was a planar cross-section.  However,
experimentally it is extremely difficult to establish planar flows
that are truly symmetrical about the jet axes. In addition, the
aspect ratio considerations for a planar rig resulted in propane flow
rates that exceeded the capacity of the facility. Therefore, an
axisymmetric jet arrangement was preferred.

A jet discharging into a quartz cylindrical working section
provides an ideal axisymmetric configuration, but poses severe
problems for optical measurements through curved glass surfaces.
Corrective lens techniques have been developed by Durrett et al.
(1985). However, these are too complex and immature for the
advanced laser diagnostics (3-D LDA and CARS) used in this
program. A box-section combustor with corner fillets to reduce
vorticity concentration and eliminate its effect on the bulk
flowfield in the combustor was an attractive alternative. CFD
calculations made using Pratt & Whitney's 3D-TEACH computer
code indicated, in agreement with Brundett and Baines (1964),
that a single, linear corner-fillet in a square-section duct reduces
the peak vorticity by half. Therefore, corner-fillets were provided
for the research combustor.

Figure 3 shows a schematic of the final arrangement for the
research combustor. It consists of a central fuel tube surrounded
by a co-annular air jet. This jet system supplies unmixed reactants
at the exit to a dump-step inside the combustor. The burner
contains the jet system and also supports the combustor vertically.
The combustor is comprised of two separate sections. The first
section holds windows (quartz or instrumented metal panels) on all
four sides, and the second one is a short extension Inconel
chimney. On the top of this chimney, orifice plates of specific
blockage ratios can be fitted.
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Fig. 3: Schematic diagram of the final configuration of the research

combustor mounted on the burner (inset shows "sonic disruptor").
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Combustor Sizing:
To decide step height, the stability expression of Ballal &
Lefebvre (1979) was used:

2.25(1 + O.4Um [1+ 0.1Tul) 16

. &
L .
BO p0 25Toexp(T0/ 150)D, (1-B)

o

2 . .
In the present context, B = (D, /D )", where D, is an effective
diameter representing an orifice plate closed area.

Preliminary estimates made by assuming d_ = 13.2 mm, ¢ =
0.6,and U /U ¢ 1, had yielded a value of 40 mm for an equivalent
premixed %assage diameter at the combustor inlet. Equation (1)
was then used to generate the parametric curve of blowout velocity
vs. step height for this value of passage diameter. Figure 4 shows
plots of these calculations. From these data a step height of 55 mm
was found appropriate for ¢ = 0.6. This value of step height with a
40 mm inlet gives a combustor diameter of 150 mm. This step will
generate a symmetric recirculation zone with a reattachment point
plane that depends on the step height, inlet Reynolds number, and
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Fig. 4: Blowout velocity vs. equivalence ratio for various values of
step height as calculated by Ballal and Lefebvre (1979) correlation.
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Fig. 5: Recirculation zone length for non-reacting and reacting
cylindrical and planar flows.

equivalence ratio as is evident, for example, in the work of
Morrison et al. (1987). Figure 5 shows reattachment lengths for
reacting and ngn-reacting laminar and turbulent flows. For ¢ = 0.6
and Re = 10, the reattachment plane is about 5 step-heights
downstream of the step. To accommodate this recirculation zone,
and the one formed due to flow stagnation on the orifice plate at
exit, a combustor length = 2 - 3 times the reattachment length is
required to avoid interference between the two zones, i. e., a
combustor length = 825 mm approximately.

Since the reactants are not premixed the velocity ratio should
be high, e. g., U /U £ > 10, to provide good mixing. Also, the
temperature of the combustion products in the step recirculation
zone should be high enough to guarantee continuous ignition of
fresh reactants when the flame is in lifted condition. For propane-
air mixtures, Sturgess (1979) has shown, and CFD analysis for ¢ =
0.6 suggests, that auto-ignition times become short and
temperatures of 400-800 K exist in the shear layer when the gas
temperature at reattachment was around 1,000 K. Therefore,
recirculation zone reattachment plane gas temperature at the
combustor wall should not be less than 1,000 K for continuous
ignition of a lifted flame.
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A CFD code was used to obtain relationship between
reattachment plane temperature and the Thring-Newby parameter,
0, for a duct with sudden expansion namely:

1 0.5,
6=(1+FAR) (pt/pa) (ri/rc) (2)

where, . -
(m, + m )
f= f a 3)
i /. . 0.5
1l:p(mf Uf + maUa)
p = (mapa + mfpf)/(ma +my) 4)

Results of these calculations are plotted in Figure 6. In this
figure each data point represents a separate calculation and the line
drawn through them serves as a design curve.
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Fig. 6: Correlation of 2D-PREACH results for the stagnation
temperature in terms of the Thring-Newby criterion.

Based on manipulation of Figure 6 and Equations (2)-(4),
Figure 7 plots the reattachment plane gas temperature in the 150
mm ID combustor vs. the ratio of annular height to step height for
the various secondary passage radii, r. The reattachment
temperature has two asymptotes; one corresponding to choking in
the air passage, and the other due to choking of the fuel passage.
For each rs, the reattachment temperature exhibits a minimum
comresponding to U /U, = 1. The left-hand side of the plot
represents the strongfy-recirculated, step-flames of interest for this
combustor. The position of minimum temperature occurs at lower
values of the abscissa as r_is decreased. This may be explained in
two ways: First, as r_gets smaller, the step height gets biggerin a
fixed combustor andS the reattachment plane moves downstream
into regions of increasing gas temperature. Second, as r gets
smaller so does the air passage annular height for a fixed fuel
passage. Therefore, the fuel source is relatively closer to the shear
layer associated with the recirculation bubble at the step. Thus, for
a given rate of jet expansion, higher temperature gases are
delivered at the reattachment plane. For a given r_, the annular/step
height ratio is also changed by changing the fuel passage size.
Then, the temperature changes because the jet velocity ratio and
hence the rates of mixing and jet expansion, are also changed.
Plots similar to Figure 7 can be produced at every equivalence
ratio. For a given r , increasing the equivalence ratio increases the
reattachment temperature at all velocity ratios.
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Fig. 7: Plots of reattachment point temperature vs. annular/step
height ratio for a 150 mm i. d. combustor.

From Figure 7, geometric relationships may be found for
specified mixing conditions or specified temperature conditions.
This relationship is shown in Figure 8 for ¢ = 0.6 , minimum and
moderately strong mixing (U /U_ = 1.0 and 10.0 respectively), and
reattachment temperatures o% 1,200 K and 1,300 K. Figure 8
indicates that for r = 20 mm, the fuel tube needs to be at least 12.5
mm radius to proxslide the desirable minimum reattachment plane
temperature of 1,000 K. Allowing for heat losses from the
combustor, the fuel tube radius was increased to 13.5 mm. For this
radius, Figure § indicates that the reattachment plane temperature
would be somewhat over 1,100 K. In this way, combustor sizing is
completed. The final combustor dimensions are given in Figure 3.

Mechanical Design

The combustor frame establishes reference planes for the
quartz windows. These reference planes ensure that windows on
opposite sides of the combustor remain flat and parallel as the
combustor is moved. Thus, the combustor frame had to be
dimensionally stable, despite frequent and extreme thermal cycling.
A thorough heat treatment, for stress relief, was performed on the
combustor frame prior to final machining. This proved to be
effective since follow-up inspection revealed that deviations from
design dimensions were less than 0.25 mm.

The windows are spring-loaded against the window retaining
frames by means of Inconel corner inserts. These inserts also form
the corner fillets needed to minimize vortex formation. Inconel was
used because of its high melting temperature, resistance to
oxidation, and its better spring constant at high temperature. The
corner insert concept has several advantages. The step
discontinuity, where the insert meets the glass, is quite small since
the inserts are only 0.81 mm thick. Thus, the combustor frame
required less intricate machining. Also, the window can float
between the lightly spring-loaded inserts and the frame thus
permitting its independent expansion and contraction.
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The windows for this combustor had to meet several design
requirements such as; a need to overlap LDA and CARS beams, a
desire for cylindrical symmetry, the ability to withstand vibration
and high temperature,  optical clarity even under laser power
approaching 1 GW/cm, the preclusion of beam steering as the
combustor is moved, and the cost of high-quality quartz glass.

Quartz windows, while expensive, have proven to be quite
durable, exhibiting lifetimes on the order of 100's of hours. The
quartz windows used in this combustor are only 3.2 mm thick and
this keeps thermal stresses between inner and outer window
surfaces to a minimum. Further, thermal shock to the windows
was minimized by devising a proper light-off procedure for the
combustor. Finally, the windows were designed such that they
could easily be replaced, for example, with stainless steel plates
equipped with thermocouples and pressure taps.

Window durability with the high power CARS laser
operation has been good except for where soot surface
accumulates. A new short focal length lens is being incorporated
in the CARS system to reduce laser power density incident on the

window surface by a factor of 4. Insertion of plane windows in the
path of the laser beams still causes the probe volume of both the
CARS and LDA systems to move. Therefore, the overlap volume
must be determined after the windows are in place. The window
width was established to allow adequate probe distance
perpendicular to the laser propagation direction, and still maintain
sufficient cylindrical symmetry.

As illustrated in Figure 3, the shape of the annular air
passage is dictated by the inner contour of the combustor step.
Early step designs exhibited poor flow characteristics because of
too sudden a contraction. Also, the fuel tube was not concentric
with the step. Eventually, a new step was designed, which
produced uniform and symmetric annular air velocity profiles.

An Inconel extension is fitted to the downstream end of the
research combustor. Prior to the combustor fabrication, it was
recognized that the metal walls of the extension piece would get
rather hot. This Inconel extension provides a passage with the
same cross-sectional profile as the lower portion of the combustor
and conveys the combustion products to the exhaust hood directly
above the combustor. It may be equipped with either a top-hat
restriction (available in various sizes), no restriction at all, or the
preferred, a simple orifice plate.

Combustor Light-Off

Several techniques for igniting the combustor were tested.
These include:

Lighting at the exit plane

Lighting through a 6.3 mm hole in the step

Lighting in recirculation zone, 25 mm above the step,
through a hole in the side plate.

Only the last of these gave smooth, successful, and
reproducible ignition. Ignition in the recirculation zone has been
satisfactorily accomplished with a small propane torch igniter
attached to the side plate fitting. Normal light-off is accomplished
by first establishing an airflow of 300 SLPM, then lighting the
torch igniter, and finally admitting about 10 SLPM of fuel in the
combustor. Upon successful ignition, air and fuel flows are
increased, taking care to maintain constant fuel/air ratio, until the
air flow reaches about 900 SLPM. At this flow rate, the flame is
very stable, exhibiting lean blowout at ¢ = 0.5. The only major
problem is that at these ignition conditions there is a tendency for
significant sooting on the upper portion of the windows. Attempts
to initiate combustion at lower equivalence ratios or higher initial
flow rates were not successful. After a light-off is successful, the
torch ignitor is removed and the fitting is capped.

Combustion Characteristics
Before performing combustion tests, acoustic characteristics

of this research combustor were investigated because it was feared
that eddy-shedding off the step might result in satisfying the
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Rayleigh criterion, and this may set up resonance in the combustor
and fuel supply tube. A breadboard version of the combustor was
tested and it revealed noisy combustion and flame flicker. Also,
mechanical vibrations shortened the window life. Therefore, and
after some development work, a "sonic disruptor” (see Figure 3,
inset), which can pass LDA seed particles but is acoustically
closed, was introduced into the fuel tube. This device and the
redesign of the annular air passage, reduced pressure fluctuations
in the combustor significantly. These developments are fully
described by Heneghan et al. (1989).

Combustion tests revealed that the combustor operates as
designed, with the reactants being ignited in the shear layer formed
between the fuel and air jets. The shear layer flame appears
removed from the confluence of the jets. In agreement with results
shown in Figures 6 and 7, reattachment point temperatures around
1000 K were obtained from the measurements of combustor wall
temperatures. Also, in Figure 5, we show measurements of flame
recirculation zone length for Re = 20,000, ¢ = 0.87, and isothermal
recirculation zone length for Re = 110,000 obtained by using an
LDA instrument. These values are consistent with other isothermal
and combusting flow data from the literature.

Figure 9 illustrates the sequence of events leading to lean
blowout in our research combustor for a variety of Reynolds
numbers (based on fuel and air flows) and air loading parameters.
As the overall equivalence ratio is reduced below unity, the
luminosity of the recirculation zone vanishes and the shear-layer
attached flame moves further downstream into the combustor in a
characteristic lifted flame position and form. Continuing reduction
in the equivalence ratio produces; an onset of flow instability in the
lifted flame, increase in the amplitude of the instability, onset of
intermittency, severe intermittency, and finally, an onset of strong
axial flame instability. At this point, a slight increase in
equivalence ratio results in an artached flame, while a slight
decrease produces a lean blowout. Provided the air jet is always
turbulent and the velocity ratio u /u, is sufficiently large, the above
sequence of events was the same whether equivalence ratio is
decreased by reducing fuel flow rate or by increasing air flow rate.
This sequence of events leading to flame-out clearly highlights the
complexity of the lean blowout mechanism in a modern annular
gas turbine combustor.

Figure 10 shows the LBO performance of our research
combustor. It appears that the combustion characteristics of our
research combustor are similar to those of well-stirred reactors than
those of the practical combustor designs of the past. Since high-
performance annular combustors of the future will approach the
combustion characteristics of the well-stirred reactors, it is
reasonable to conclude that our research combustor correctly
reproduces the LBO processes of a real gas turbine combustor.

Conclusions
A research combustor that simulates the "inside-out”

recirculation pattern and LBO processes of a modern annular
aircraft gas turbine combustor was designed and fabricated. This
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Fig. 10: Lean Blow Out (LBO) performance of the research
combustor.

was accomplished using CFD-generated design curves and data
available in the literature.

It was found that the existing test facility, optics capabilities,
and limit on fuel flowrate due to safety considerations imposed
dimensional constraints on combustor length and shape. The
requirement of simple inlet boundary conditions and 2-D flowfield
for CFD codes made it undesirable to use swirl for improved
mixing and reduced flame length. Peak flame temperatures of
1700 K inside the combustor were dictated by the temperature limit
of fused quartz.

An axisymmetric arrangement of fuel and air jets, 27 mm
and 40 mm diameter respectively, dumping unmixed reactants at a
55 mm wide step, emerged as the final preferred configuration of
this combustor. The combustor is 735 mm long, has 150 mm
square cross section with rounded corner fillets of 84 mm radius,
and is fitted with an Inconel extension chimney with an orifice
plate at its exit.
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It was found that the combustor operates in a stable and
predictable manner over a range of loadings. Measurements
revealed a complex sequence of events such as flame lift-off,
intermittency, and onset of axial flame instability eventually
leading to lean blowout. Also, the LBO performance of the
research combustor was similar to that of well-stirred reactor.
These tests confirmed the soundness of the combustor design for
the intended purpose. This combustor is now making possible
acquisition of more benchmark quality data on LBO.
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