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SUMMARY

A test program has been conducted with an experimental augmentor
that employed swirling flow to pr-mote rapid flame propagation. The
augmentor combustion zone was 0.381 meters (15 inches) .n diameter.
Three combustor cases were used giving combustor length-to-diameter
ratios (L/Ds) of 0.914, 1.414 and 2.414. The swirling flow was created
with swirl vanes located upstream of the fuel injection sprayrings.
Three swirl vane angles were tested with nominal values of 0.44, 0.61
and 0.79 radians (25, 35 and 45 degrees).

Two fixed area, convergent exhaust nozzles were used to study the
effect of Mach number on combustion efficiency. The smaller nozzle had
2 nominal throat diameter of 0.219 meters (8.62 inches). The larger
nozzle had a nominal throat diameter of 0.272 meters (10,69 inches).

The tests were conducted at conditions simulating those of an
augmented turbojet engine. The augmentor inlet temperature was 649°C
(1200°F) and the combustion zone pressure was 2 atmospheres.

The demonstrated combustion efficiency was high, Wich the 1,414
L/D combustion zone and the 0.61 radian (35 degree) swirl vanes the
combustion efficiency was near 1007 at an augmentor equivalence ratio
of 1.0,

The combustion efficiency was shown to be strongly dependent on
the zoning of the fuel flow between the three rig fuel injection cgrav-
rings.

The best results were obtained by gradually injecting the fuel
from the outer ring to the inner ring as the fuel loading was increased.

The augmentor inlet Mach number was shown to have no effect on the

measured combustion efficiency. The only exception to this was when



fuel was zoned between the outer and inner sprayings. With that fuel
zoning combination the combustion efficiency was highest with the
higher Mach numbers.

The augmentor ccld total pressure loss was shown to be equal to
that of current high performance conventional systems. At an inlet Mach
number of 0.25 the total pressure loss, expressed as a drag coefficient
(pressure loss/inlet dynamic head) was 0.900.

To initiate and maintain combustion, a swirling flow augmeantor has
an annular pilot burner surrounding the outer wall of the combustion
zone. As long as the pilot is operating the mainstream flow can be
ignited. Therefore, the lean blow-out was defined as the lean flammability
limit of the pilot. This was determined to occur at an augmentor fuel-
air ratio of 0.0007 at the 649°C (1200°F) inlet temperature.

During the course of the program combustion instabjlities (rumble)
in the 90 to 100 Hz range occurred. However, by proper zoning of the
fuel flow between the three fuel injection zones rumble was prevented,

permitting augmentor operation over the entire fuel flow ramge.
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INTRODUCTION

Conventional augmentors are large devices. This is primarily due
to the flame stabilization and propagation mechanisms employed. The
flame stabilizing mechanisms consist of "vee gutters', "radial vee
zutters" or combinations of these. These devices operate by creating
a quiescent region in which combustion can be maintained. The flame
then propagates through the unburned fuel-air mixture by turbulent eddy
diffusion., It is this process that results in the rather large size of
current augmentors, As the flame progresses through the unburned fuel-
air mixture the resulting flame spreading angle is approximately 0.052
to 0.070 radians (3 to 4 degrees) for each flame holding device. Conse-
quently, a large number of flame holders and considerable length are needed

to spread the flame completely across the duct,

However, as the number of flame holders is increased, the augmentor
total pressure losses go up. Consequently, to maintain reasonable pressure
losses and combustion efficiencies a compromise is made between the nurte:
of flameholders and augmentor length. This process usually results in
fairly long combustion chambers,

This method of flame stabjilization and propagation has several
drawbacks, First, the structure required to mount the flameholders as
well as the flameholders themsz2lves can be complicated and prone to failure.
Second, the cooling of this structure is aggravated due to the high
temperature of the entering air. Third, as indicated above, the combustion
efficiency and also the total pressure loss vary directly with the number
of flameholders. It is this trade-off between combustion efficiency and
pressure loss that results in the 80 to 90 percent efficiencies of

current augmentors. Fourth, the combustion efficiency is dependent on



the inlet Mach number.

The swirling flow augmentor eliminates or minimizes the above
problems., It operates on the principle that hot burned gases will "rise"
and the colder unburned gases will sink due to the centripetal accelera-
tion created by a strongly swirling flowfield, The beneficial effects
of swirling flow were reported on over 20 years ago by I. R, Schwartz
(ref. 1) who showed that combustion in a swirling flow is more stable
and has less smoke than non-swirling combustion. G. D. Lewis (ref 2)
has shown that flame propagation velocity in a strongly swirling flow
field (centripetal accelrations 2000 to 4000 times the standard accelera-
tion due to gravity) is controlled completely by the bouyant forces
acting on the hot gases and may be as high as five times normal turbulent
flame propagation velocity. The bouyancy of the hot gases is proportional
to the local centripetal acceleration while the drag force is proportionail
to the square of the hot gas bubble velocity. By equating the bouyant and
drag forces it can be shown that the hot gas bubble velocity or flame
speed is given by:

V=C \gg

"

where "V" is the flamespeed and '"gg" is the local centripetal acceleration.

The value of the constant C has been determined to be approximately 1.25
as reported in reference 2. With properly designed swirl vanes, centri-
petal accelerations of 2400 "g's" can be generated in a .914 meter (3
foot) diameter duct at a penalty of 2 to 3 percent in total pressure.
With this level of acceleration, flamespeeds of 18.6 meters per second

(61 feet per second) are possible.

Because the flame spreads toward the center of rotation, combustion

is initiated and maintained by an annular pilot burner surrounding the
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augmentor. As with conventional augmentors, there are several fuel
injection zones to disperse the fuel uniformly over the duct. This
concept offers several potential advantages:

1. Improved combustion efficiency due to the very high flame speeds

2, Shorter length

3. No effect on combustion efficiency due to inlet Mach number.

As the Mach number incrcases the flame speed increases in the
same proportion,

4, No need for '"vee gutter" type flameholders.

S. Lower pressure drop. Also, if an increase in complexity can be
tolerated, the swirl vane angle can be made adjustable. This
would allow control of the swirl !ntensity so that only that
level required for 100 percent combustion is set, This makes
possible considerable reductions in total pressure loss during
non-augmented and low power augmented operations. During cruise
the augmentor is normally off. Therefore, with adjustable
swirl vanes that can be opened fully so that no swirl is
imparted to the flow significant reductions in engine total
pressure losses can be made, If applied to current high
performance, augmented engines this could result in a one to
two percent decrease in cruise thrust specific fuel consumption.

6. Reduced exhaust emissions, Andre' Mest:ie (ref. 3) showed that
exhaust emissions were lower with swirling flow than with non-
swirling flow combustion,

The purpose of this program was to demonstrate the capability of

the swirl flow augmentor concept to produce high combustion efficiencies.

The tests were conducted at conditions simulating those of an augmented



turbojet engine. The augmentor inlet temperature was normally 649°C
(1200°F) and the total pressure was 2 atmospheres.

The program was designed to generate parametric data on the effects
of swirl intensity, combustion zone length, fuel zoning and Mach number
on combustion efficiency as well as locace potential problem areas. Four
fuel sprayring configurations were tested in developing the final config-
uration, Data are presented for the final configuration only., These
sprayrings were tested with all three of the originally planned swirl

angle generators but with only the two shorter of the originally planned

combustor iengths (L/D's of 0.914, 1.414 and 2.414).

AUGMENTOR DESIGN

The experimental augmentor used in this program is shown in figure
! In figure 2 the rig is shown in operation at an equivalence ratio of
1.0. The 0.381 meter (15 inch) diameter of the augmentor combustion
section was selected so as to be compatible with the test facility air-
flow and pressure capabilities,

To generate the parametric data requir~d, several sets of rig hard-
ware were fabricated. Among these were three swirl vane assemblies with
nominal turning angles of 0.44, 0.61 and 2.79.radians {23, 35 and 45
degrees)., The swirl vanes create the strongly swirling flow essential
to the concept. A typical swirl vane assembly is shown in figure 3. As
shown, the vanes were simple curved shevt metal vanes to minimize cost.

Three water cooled combustion chambers were available to provide
combustion zone length-to-diameter ratios of 0.914, 1.414 and 2.414.

To simplify the design and reduce the cost of the rig, a fixed area
convergent exhaust nozzle was used. As with the combustion chambers, the

walls were water cooled. 1In order to study the effect of Mach number on
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Figure 3. Typical Swirl Vane Assembly

augmentor performance, two nozzles were used. One nozzle, nenceforth
referred to as the small nozzle, had a nominal cold throat diameter of
0.219 meters (8.62 inches) and the other nozzle,henceforth referred to
as the large nozzle, had a nominal cold throat diameter of 0.272 meters
(10,69 inches).

Although the swirling flow augmentor does not require the multiple
flameholders of conventional augmentors, it does require ar ignition
source, Since the flame spreads radially toward the rig centerline,
combustion must be initiated at the outer wall. This was the function
of the pilot burner shown in figure 1. The pilot burner was designed to
provide a circumferentially uniform, continuous source for igniting the
mainstream. Twenty fuel nozzles were equally spaced around the circum-

ference. Because of the low pilot fuel flows, the nozzlet were the air
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blast type in which fuel atomization is accomplishecd with high velocity
airflows. This type nozzle with its large internal fuel passages is
less sensitive to contaminated fuels. To stabilize combustion in the
pilot zone, each fuel nozzle was equipped with an air swirler., All of the
pilot zone air flow entered through the fuel nozzles and swirlers. Total
pilot airflow was approximately 4,5 percent of the total augmentor flow.

To distribute the fuel uniformly acrnss the duct, threc concentric
fuel zones were provided in the augmentor combustion chamber., The
sprayrings for each zone were located at the center of equal flow areas
so that each ring fed one third of the mainstream flow. Each sprayring
injected fuel radidlly both ontward and inward to provide more uniform
fuel distribution., The location of the sprayrings is shown in figure 4,
In the discussions that follow the outer sprayr.ng is refcrred to as
Zone 2. Zone 3 is the center ring and Zone 4 is the inner sprayring.
Fuel from each sprayring was injected through a number of circumferencially
spaced drilled orifices. Fuel atomization was enhanced by the addition
of deflector tabs immediately downstream of each orifice as shown in
figure 5. This design coupled with the 6490C (1200°F) inlet air tempera-
ture was considered to p-uvide adequaie fuel atomization and vaporization
with considerable savings in cost, Four fuel sprayring configurations
were tested in an effort to increase combustion efficiency while maintain-
ing stahble combustion at all equivalence ratios. The final configuration
was tested with combustor L/D's of 0.914 and 1.414.

The acoustic liner shown in figure 1 was installed because tests
conducted prior to the start of the program showed the rig to have
combustion instabilities in the 500 to 1000 Hz range. The instabilities

were anaziyzed to be the first longitudinal or first tangratial mode
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depending on the inlet air temperature. No attempt was made to provide
a "flight type" air cooled liner as that was outside the scope of the
research effort for which the rig was designed. Consequently, the hot
wall was water cooled. The large backing volume of the liner provided
sufficient damping even though the liner length was quite short,

The augmentor rig was designed to simulate conditions typical of
turbojet or turbofan engines. The program discussed herein was designed
to investigate the turbojet application, hence, the 649°C (1200°F) inlet
temperature. The close proximity of the turbine and its resistance to
slight dewnstream pressure perturbations was simulated with the turbine
simulator vane assembly shown in figures 1 and 6. These vanes were
simple accelerating and diffusing vanes designed to simulate the pressure

drop characteristics of a turbine.

looking Downst ream)
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TEST FACILITY

The augmentor was tested at the P&WAT™ Florida Research and
Development Center's B-2 component test complex. The complex consists
of several test pads, a control room, an air supply and associated
systems normally required for testing primary burners, augmentors and
ramburners. Figure 7 shows a schematic of that portion of the facility
used to test the swirl augmentor.

Test air was bled from the compressor of a J75 turbojet engine.
The system can deliver 12.7 kg/sec (28 lbm/sec) airflow at pressures up
to 5.516 x 105 N/MZ (80 psia). Inlet temperatures of approximately 288°C
(550°F) can be obtained at the augmentor inlet without preburning. An
inline preheater is available which can raise the augmentor inlet tempera-

ture up to 871°C (16C0°F).

|

From Other Rigs

Figure 7. Test Facility Schematic
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Serving the test stand is a 100-channel digital recorder capable of
recording at a maximum sampling rate of 6666 samples per second, Data are
recorded on magnetic tape which is directly compatible with a high-speed
digital computer. Also provided are 40 channels of strip chart recorders
for real-time test monitoring and a 36-channel oscillograph for higher

frequency data recording.

INSTRUMENTATION
The test rig was instrumented as shown in figure 8 to provide data
on rig airflow, fuel flow, augmentor inlet total pressure, combustion
zone static pressure, exhaust nozzle wall temperature, air angle at the
swirl vane and nozzle outlets, and the emission levels of unburned hydro-
carbon, carbon monoxide and the oxides of nitrogen. The rig cooling
water flowrate and inlet and outlet temperature were measured as well.

These data were used to correct the combustion efficiency for heat

rejected to the cooling water. The instrumentation used is briefly

described in the following paragraphs.

1. Augmentor Airflow - The airflow to the rig was measured with a
0.184 meter (7.25 inch) diameter sharp-edged orifice. The orifice
upstream and downstream pressures were measured with flange static
pressure taps. The air temperature was measured with two chromel-
alumel thermocouples located downstream of the orifice. In case
the instrumentation on this orifice should fail a back~-up 0.173
meter (6.83 inch) diameter orifice was available to measure rig
airflow. The instrumentation on that orifice was similar to that
cf the primary orifice,

2.  Augmentor Fuel Flow - The fuel flows to the preheater, pilot and
zones 2, 3 and 4 were measured with turbine type flow meters,

3. Preheater Inlet Air Temperature - This temperature was measured

13
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with two, shielded chromel-alumel thremocouples.

Augmentor Inlet Total Pressure - The augmentor inlet total pressure
was measured with two Kiel type total pressure probes.

Augmentor Inlet Total Temperature - The augmentor inlet total tempera-
ture was taken as the ideal preheater outlet temperature. See
Appendix A, paragraph 30. However, as figure 8 shows, the augmentor
inlet total temperature was also measured directly with seven
chromel-alumel thermocouples.

Combustion Zone Static Pressure - The static pressure in the combustion
zone was measured with two wall taps located immediately upstream of
the exhaust nozzle.

Exhaust Nozzle Total Pressure - The total pressure at the exhaust
nozzle was normally calculated by an iterative procedure using the
nozzle inlet and throat geometric areas, the augmentor mass flow

and the combustion zone static pressure at the nozzle inlet, See
Appendix A, paragraph 38. For most of the tests, however, this

pr .2dure was supplemented with a direct measurement of total
pressure with a multi-point rake, see figure 8.

Exhaust Nozzle Wall Temperature - The wall temperature of the exhaust
nozzle was measured with four chromel-alumel thermocouples located

at the nozzle throat and equally spaced around the circumference,
These data were used to correct the nozzle throat diameter for
thermal expansion.

Cooling Water Flowrate - The cooling water flowrate to the rig was
measured with a 0,031 meter (1.225 inch) diameter sharp edged orifice
located in the discharge manifold., The orifice was equipped with

flange static pressure taps.
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Figure 8. Basic Rig Instrumentation
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10. Cooling Water Temperature - The inlet and outlet cooling water
tempe ratures were measured with chromel-alumel thermocouples. The
inlet thermocouple was located in the supply manifold. The outlet
thermocouple was located in the discharge manifold just upstream of
the waterflow orifice.

11. Air Angle- The air angles at the swirl vane and exhaust nozzle

discharge were measured with self-balancing air-angle probes.

At the swirl vane discharge the air angle was measured with the
probe shown in figure 9 and at the exhaust nozzle exit the probe
shown in figure 10 was used to measure the air angle. The probes
were traversed in the radial direction from the outer radius to

the rig centerline.

Figure 9. Air Angle Probe used at the Swirl Vane
Discharge

16
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12. Hydrocarbon Emissions - The emission level of unburned hydrocarbon
was determined with an F.I.D. (flame ionization detector) analyzer.
The sample gas was transferred to the analyzer through electrically
heated lines to maintain its temperature above 149°C (300°F). Tue
sample was obtained with a single point probe, figure 11, which
was traversed across the nozzle exit from the rig centerline to the
outer radius. Samples were obtained at five points located on
equal area centers.

13. Carbon Monoxide Emissions - The emissioa level of carbon monoxide
was determined with an NDIR (non-dispersive infrared) analyzer.

14, Nitrogen Oxide Emissions - The emission level of the oxides of

nitrogen were measured with a chemiluminescent analyzer.
17
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EXPERIMENTAL PROCEDURE

The swirl augmentor was tested at a near constant pressure of 2
atmospheres over the full range of equivalence ratios investigated. With
the small nozzle iastalled, the augmentor was brought on line by first
increasing the airflow and preheater fuel flow until the exhaust nozzle
was choked and an inlet temperature of 649°C (1200°F) was set. The pilot
burner was than ignited at a local equivalence ratio of 1.0 using an auto-
motive type spark plug. The pilot was maintained at an equivalence ratio
of approximately 1.0 during the remainder of the test. The various rig
fuel zones were brought or line by simply setting the fuel flow desired.
Ignition was accomplished with the pilot burner. Minimum fuel flow to
each zone was approximately 90.7 Kg/Hr (200 pph). This was required to
stay above the lower operating limit of the turbine type flow meters.

With the large nozzle installed the start up procedures had to be
modified. At the 649°C (1200°F) inlet temperature condition the airflow
required to choke the large nozzle was greater than the facility capa-
bility. Therefore, an initial airflow of approximately 9.0 Kg/sec
(20 1bm/sec) was set. The pilot burner was ignited as before and an
equivalence ratio greater than 0.2 was set on one of the augmentor fuel
zones. With the increased nozzle outlet temperature the nozzle could be
choked within the airflow capacity of the facility,

Since the desired test condition was 2 atmospheres inlet pressure
and 649°C (1200°F) inlet temperature the airflow and preheater fuel flow
had to be adjusted whenever the augmentor equivalence ratio was altered.
This results from using a fixed area exhaust nozzle. Figure 12 shows
the relaticer between the swirl vane inlet Mach Number and the augmentor
equivalence ratio with both the small and large nozzles at the 2 atmos~
phere test condition assuming 100% combustion efficiency.

19
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All of the data with the exception of the gas sampling data were
recorded using a high speed digital recording system, Between desired
test pnints the recording system was operated at a recording speed of
1 scan/sec which means that all of the data channels were recorded one
time each second. When a test point was set, however, the recording
speed was increased to 10 scans/sec and data were recorded over a five
second interval, These 50 readings were subsequently averaged to provide
a good value for each data channel.

In the program the combustion efficiency was determined by gas
sampling and by the "choked nozzle method". With the "choked nozzle
method," if the mass flow, total pressure, and nozzle geometric area and

discharge coefficient are known the exhaust temperature and hence combus-

20



tion efficiency can be determined. The nozzle discharge coefficient
was determined by choking the nozzle during cold flow so that an
isothermal temperature field existed at the nozzle, The mass flow and
nozzle total pressure were then measured and the nozzle discharge coeffi-
cient determined using the effective area determined from the measured
values of mass flow, total pressure and temperature and the known
goemetric area. This was done for the small nozzle using all three
swirl vane assemblies and also without any swirl. With the large nozzle,
however, the inlet air temperature had to be raised to over 92,°C (1700°F)
with the preheater in order to choke the nozzle with the available
airflow rate. This presented a high risk of damaging uncooled portions
of the rig immersed on the gas stream. Consequently only one calibration
point using the 0.61 rad (35 deg) swirl vanes was obtained.

The gas sampling equipment was calibrated in accordance with the
Society of Automotive Engineers Specification ARP 1256,

CALCULATIONS

The basic performance calculations are presented in the following
paragraphs. For a more complete description of the performance calcu-
lation procedure see Appendix A,

Combustion Efficiency - The augmentor combustion efficiency is normally

given by:
IDEAL - 4.273 X10' WFT
where
EFFB = augmentor combustion efficiency, %
TT6 = actual outlet total temperature, °C (°F)
TT6IDEAL = ideal .utlet total temperature, °C (°F)
TT4A = inlet total temperature, °C (°F)
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Qloss = heat rejected to combustion chamber jacket cooling
water, Joules/sec (BTU/sec)
WFT = gugmentor fuel flow, Kg/Hr (pph)
The heating value of the JP-5 kerosine fuel was taken as 4.273 x 107

Joules/kg (18370 BTU/1lbm).

For a portion of the testing this method of determining comuusticn
efficiency was supplemented by a second method based on analysis of the
exhaust products. By determining the amount of unburned hydrocarkons
and carbon monoxide still present in the gases passing throu : ' .» nozzle

the combustion efficiency can be determined from:

HVco (CO) + HVE (UHC)

EFFMB = 100 - 100 HVE x 103
where
EFFMB = gugmentor combustion efficiency, %
co = emission index of carbon monoxide
UHC = emission index of unburned hydrocarbots
HVco = heating value of caibon monoxide = 1,010 x 107
Joules/kg (4343 BTU/1bm)
HVE = heating value of tie fuel = 4.273 x 107 Joules/hg

(18370 BTU/1bm)

Total Pressure Loss - The augmentor total pressure loss is given by:

DPAUG = 100 [—‘ﬁ;ﬁxﬂ‘lﬁ]

where
DPAUG = augmentor total pressure loss (percent)
PT4A = inlet total pressure , N/n2 (psie)

PT6A

outlet total pressure , N/n2 (psie)
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Swirl Vane Mach Number - The swirl vane Mach Number is the Mach Number

of the flow as it enters the swirl vanes. It is given by:

M4

where
(3
Wa

SVFR

HUM
FAPH
PT4A
Ad
GAMSG
R4

G

[m) (1 + HUM + PAPH) sm] .

PT4LA (Aa)

G(GAM4) 2

GAM4 + 1
- CAM4 - 1
\//( R4(TT4A) (1 4 GAM4-1 /2 )

swirl vane inlet Mach Number

augmentor dry airflow , Kg/sec (1lbm/sec)
fraction of total mass flow passing hrough the
swirl vanes

specific numidity

preheater fuel-air ratio

inlet total pressure , N/m2 (psia)

swirl vane inlet area = 0.0729 mz (113 1n2)

gas specific heat ratio

gas constant at swirl vane inlet

standard acceleration due to gravity

Swirl Intensity - The nominal swirl intensity at tho pilot zone inner

wall expressed in terms of the standard gravitational constant or "g's"

is:
8s
vwhere
s
L

(V4 TAN X )2 / (RG)

swirl intensity in "G's"

swirl vane inlet velocity ; m/sec

swirl vane turning angle , radians (degrees)
pilot zone inner wall radius , meters (feet)

standard acceleration due to gravity
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RESULTS AND DISCUSSIONS

A swirling flow augmentor was tested at conditions simulating those
encountered in an augmented turbojet engine. The augmentor inlet tempera-
ture and pressure were 649°C (1200°F) and 2 atmospheres respectively.
The effects of swirl intensity, combustion zone length, fuel zoning and
augmentor inlet Mach Number on augmentor performance was determined.
Table I summarizes the data obtained during the program,
A, Combustion Efficiency

In genaral, the combustion efficiency was high. By proper fuel zoning
the data show that combustion efficiencies near 100 percent could be obtained
at equivalence ratios up to 1.0.

Two methods were used to calculate the combustion efficiency. The
first was the so-called "choked nozzle method". By knowing the mass
flow, total pressure, nozzle geometric area and discharge coefficient
the total temperature of the gases passing through the nozzle and, hznce,
comoustion efficiency could be calculated.

The second method calculates combustion efficiency by detemmining
the amount of unburned hydrocarbons and carbon monoxide still present in
the gases passing through the nozzle. 1In the discussion thet follows
the choked nozzle data are first discussed. They are then compared to
the efficiency data obtained by sampling the exhaust for unburned

hydrocarbons and carbon monoxide.

The data of figure 13 show the effect of increasing the length-to-
diameter ratio from 0.914 to 1.414. The data were obtained using the
0.219 meter (8.62 inch) diameter exhaust nozzle and the 0,61 radian (35

degree) swirl vanes with both combustor L/D's. In general, with the
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Effect of Augmentor L/D on Combustion
Efficiency
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smaller L/D the combustion efficiency w#as reduced by 8 to 10 percent.

Figure 13 also shows, as will subsequent figures, that the zoning of
the fuel between the three rig zones had a very large effect on combustion
efficiency. As expected, the data show that it was impossible to maintaii
high efficiencies over the entire operating range with only one zone of
fuel injection. In fact, the data show that the highest efficiencies
were obtained by gradually adding the fuel from the outside to the center
as the fuel loading was increased. Referring to figure 13, as the
augmentor equivalence ratio was increased beyond 0.7 the »est combusi.un
efficiency was obtained by injecting the fuel through zones 2 and 3.
This resulted in nearly a 20 percentage improvement in combustion effici-
ency at the 0.7 equivalence ratio point when compared to operation with
zone 2 only., However, the best combustion efficiency (98 percent at an
equivalence ratio of 1.0) was obtained with all three fuel zones operating.
In short, :the highest combustion efficiencies were obtained as the fuel
was more evenly distributed across the duct,

The problem of fuel zoning is complicated by the superposition of
a strong swirling flow field on the mainatream flow. When the fuel is
injected, it begins to pick up tangential and axial velocity components
due to its interaction with the mainstream flow. The tangential velocity
component creates a centrifugal force on the fuel mass which tends to
drive it toward the outer wall of the duct. The magnitude of this force
and its effect on the motion of the fuel mass is continuously changing.
This is due, first, to the vaporization of the fuel. As the fuel
evaporates, the fuel density decreases, thus, causing a decrease in the
magnitude of the centrifugal forces acting on the fuel mass. Also, as

the fuel mass moves toward the outer wall, the centrifugal forces acting
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on it decrease as its radial position increases. These effects, along
wilh the normal turbulent diffusion and mixing of the fuel with the air,
complicate the Jesign and 1location of the sprayring. The scope of this
program did not include an investigation of the dispersion of a fuel
spray in a strongly swirling flow field. This information would be
necessary, however, to minimize development effort for various applica-
tions of a swirling flow augmentor.

The effect of increasing swirl intensity on combustion efficiency
is shown in figure 14, The data were obtained using the 0.219 meter
(8.62 inch) diameter nozzle and 0.44, 0.61 and 0.79 radian (25, 35, and
45 degree) swirl vanes. The augmentor L/D was 0.914., The shorter lemgth
was used to more clearly show the effects of increasing swirl intensity,
As expected, the combustion efficiency improved as the swirl vane angle
and, hence, swirl intensity was increased.

As previously stated, the swirl augmentor combustion efficiency
should be insensitive to changes in inlet Mach Number. In figure 15
are plotted data obtained using both exhaust nozzles. The tests were
run using the 0.61 radian (35 degree) swirl vanes., The augmentor L/D was
1.4, With the small nozzle the swirl vane inlet Mach Number varies from
0.1 to 0.2]1 as the equivalence ratio varies from 1.0 to 0.2. With the
large nozzle the Mach Number varies from 0,22 to 0.31 over the same
range of equivalence ratios.

With zone 2 only and zones 2, 3 and 4 there was very little differ-
ence in the resulits. This is in agreement with the hypothesis that with
high through~put velocities there is no effect on efficiency since the
flame spreading rate increases in the same proportion as the through put

velocity.

29



Jymbol Ke
wirl Vane Angle

Symbol
0.44 rad, (25 deg) Open
10 0.61 rad, (35 deg) Closed
e 0.79 rad, (45 deg) Half Open
10 J| = S /ﬂ
80 = o0
(o]
i s
E (N a _____..-Q)-G
[+ -
il W
o 60 = /
e
g
c! 6C b
o
-
ﬁ he f— O - Zone 2 Onl}
5 O - Zone 2 @ = C.4B2; Zone 4 @ Varied
E—: 30 j— [ - Zone 2 @ =0,540; Zone 4 @ Varicd
@ A -2Zone 2 @ =0.486; Zone 4 @ varied
g 20 b— Q -Zone 2 @ =0,268; Zone 4 ¢ 0.10F
¥ s Augmentor L/D - 0.914
10— Exhaust Nozzle Dia, - 0,219m (8,62 in)
= [N O S S NN ) | N S
© 3 2 3 & 5 6 7 8 9 10 N 12
AUGMENTOR EQUIVALENCE RATIO x 10
Figure 14. Effect of increasing Swirl intensity on Com-
bustion Efficiency
100 — _‘_.—H
E 80 }—
& o
B 70|l
o) Swirl Vane Angle - 0.51 rad (35 deg)
& 60— Augmentor L/D = A.b
3
[
E 50 b ©O — Zone 2 only
- O - Zones 2 and 4
S 40— A - Zones 2, 3 and 4
P
2] Open Symbols = 0,219m (8,62 in) Dia, Nozzle
8 30— (My = 0,21 To 0,10 For
S @ Aug .= 0,2 To 1,0)
20 b Closed Symbols - 0,72m (10,69 in) Dia,Nozzle
(My = 0,31 To 0,22 For
A = 0,2 T "
10 }— @ e 0:140)
T T T T I Y
¢ 1 2 3 4 s 6 7 8 9 10 1 1
AUGMENTOR EQUIVALENCE RATIO x 10
Figure 15. Effect of Mach Number un Combustion

30

Efficiency



T T

With the zone 2 and 4 combinations there was a significant difference
in efficiency between the small and large nozzles. This was obviously
the result of the type of zoning. Why there is a difference is unknown.
However, with the large nozzle, fuel pressure drop {8 larger and the
air velocity over the spraybars in higher. This aids fuel atomizatiom.
Also the swirl intensity being larger may have resulted in a different
effective zoning.

As mentioned above the :ombustion efficiency was also determined by
sampling the exhaust for unburned hydrocarbon and ca2rbon monoxide. These
data are plotted in figures 16 through 19, The data shown in figures 16,
17, and 18 were obtained during the same tests that generated the choked
nozzle data of figure 14, The data of figure 19 were taken during
the tests that generated the large, choked nozzle data of figure 15,
Therefore the corresponding choked nozzle data are also plotted for
comparison,

The gas sample calculated efficiency was high (90% or greater) for
all values of swirl angle tested and for all equivalence ratios. These
data indicate that all of the swirl intensities tested were sufficient
to propagate the flame over the entire duct. This is in disagreement
with the choked nozzle data.

No substantiated explanation is on hand to account for the large
discrepancy in combustion efficiency values as determined by the gas
sampling and choked nozzle measurements, Extensive checks of the unburmed
hydrocarbon and carbon monoxide analyzers before and after each test

turned up no problems with the instruments. For most of these tests,

especially those at the higher equivalence ratios, the sample temperatures
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were maintained above 149°C (300°F). The samples were obtained with a
single point traversing probe located at only one circumferential position,
Consequently, there is the possibility that a good representatjive sample
was not obtained.

Another possibility may have been incomplete ignition of the main-
stream due to a non-uniform pilot discharge temperature. As mentioned
earlier, the pilot was constructed with twenty individual fuel nozzle-
swirler combinations equally spaced around the outer circumference of
the mainstream. All of the pilot air flow entered the pilot through the
swirlers and fuel nozzles only. Consequently, this may have resulted in
regions of high and low fiow at the pilot zone discharge. With a strongly
swirling mainstream flow there is a strong static pressure gradient
increasing fiom the center of the duct to the outer wall. If this

gradient is sufficiently strong, there could be a recirculation of cold

mainstream gas into the pilot. This would occur if the pilot total
pressure in the zcgions of low pilot flow were not sufficient to overcome
the adverse pressure gradient created by the swirling mainstream. This
recirculation would result in a very non-uniform pilot discharge tempera--
ture with the possibility that the mainstream would be ignited at

discreet locations rather than uniformly around the circumference. As a
result, helical tongues of flame would emanate from the pilot and progress
toward the center of the rig. The circumferential flame spreading
between the individual helixes is governed by turbulent diffusion processes
(bouyant forces only act in the radial direction). Conseqently, it would
be possible for some of the fuel to pass out of the rig unburned even

though the swirl intensity is strong enough to drive the flame to the
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center of the rig. These unburned exhaust gases would occupy a small
portion of the exhaust area, and could be detected only by thorough

traversing of the exhaust nozzle,

Typical radial exhaust emissionmpofiles obtained are shown in
figures 20, 21 and 22. These data were obtained with the large exhaust
nozzle for various combinations of zones 2 and 4 equivalence ratios.
These data show that the emission of unburned hydrocarbon as well as the
oxides of notrigen were very low. The shapes of the CO emission profiles
as more fuel was passed into the zone 4 sprayring may indicate the
boundary of the zone 2 and 4 combustion regions.

B. Lean Blowout

An important performance criterion for any augmentor is its lean
flammability limit. The only flameholding device in a swirling flow
augmentor is the pilot burner. Consequently, the lean flammability limit

of the augmentor was taken to be the point where the pilot no longer held

flame. This definition was used because as long as the pilot was operat-
ing the mainstream flow could be ignited. With the 649°C (1200°F)

inlet air temperature, the pilct lean blowout fuel-air ratio was
determined to be 0,0007 based on total augmentor airflow. The lean

blowout fuel-air ratio based on pilot airflow was 0,015,

C. Total Pressure Loss

Of equal importance with the .ombus.ion effici.ncy is the total
pressure loss of the sugmentor. In the design of any combustion system
there is a tradeoff between combustion efficiency and the total pressure
loss necessary to achieve it. The swirling flow augmentor sffers the
potential of achieving high combustion efficiencies with low pressure

losses since flameholders are not needed. In this type of augmentor,
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cold flow total pressure losses result primarily from the creation of

the strongly swirling flow field. Of course,vhen in operstion there

are alvays the inescapable losses due to heat addition.

ence in the design of turbines indicate that the level of turning used in

Current experi-

the program can be obtained with losses on the order of 2 or 3 percent.

The augmentor pressure losses plotted in figure 23 are in the fora

of a drag coefficient which is:

CDAUG = DPAUG/Qé4

vhere
CDAUG = augmentor drag coefficient
DPAUG = gugmentor total pressure loss
Q4 = dynamic head of the inlet flow
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Figure 23 shows the relative < “/:ct of increasing swirl intensity
on the augmentor drag coefficient. .ne augmentor was equipped with the
smaller nozzle and its L/D was C.914. As expected, the highest losses
were obtained with the 0.79 radian (45 degree) vanes and the lowest
with the 0.44 radian (25 degree) vanes.

An obvious result of the data in figure 23 is that the losses were
high. This result could negate any benefit due to the improvement in
combustion efficiency. With this in mind, a review of the data as well
as the rig and swirl vane design was undertaken to determine the
possible causes of the high measured pressure losses.

One source of the high measured losses was found to be in the
measurement of the inlet total pressure. PFigure 24 shows the location
of the two total pressure probes used to measure the inlet total pressure.
Both sensors were located midway between the turbine simulator vanes.

In this location they sensed the maximum total pressure. If more sensors
had been used and located so as to obtain a better average pressure the
inlet average pressure would have been lower. This would result in
lower measured vane losses. Following completion of this contract,
additional tests were conducted under an Independent Research and
Development Program with the turbine simulator vanes removed. The
results of these tests are shown in figure 25. The data shown were
Jbtained using the large nozzle toth with and without the turbine simulator
vanes. The data points shown are the vane cold flow losses. They were
determined by subtracting out the losses due to heating from the measured
overall total pressure losses.

The large scatter in the data obtained without the turbine simulator

vanes is due to the fact that data were hand recorded. The normal
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procedure was to use a high speed data recording system which recorded
each channel ten times per second. The data were then averaged over
five second intervals. In this way a good average value of each parameter
was obtained. By hand recording the data each data channel was recorded
only one time. Consequently, a good average value for each data channel
was not obtained. Also, the recording time extended over approximately
ten minutes, thereby, increasing the possibility for changes in the test
conditions due to air and fuel supply fluctuations. HKowever, the data
do show that removal of the turbine simulator vanes did cause a signifi-
cant drop in the measured swirl vane pressure drop. Figure 25 shows
a typical cold flow drag coefficient of current high performance augmentors.
As can be seen the true drag coefficient of the experimental swirl aug-
mentor (the drag coefficient obtained with the turbine simulator vanes
removed) is equal to that of current augmentors at the same conditions,

As mentioned earlier, the swirl vanes were simple curved sheet metal
vanes. No attempt was made to contour the vanes to minimize vane profile
losses. With well contoured vanes, cold flow drag coefficients on the
order of those shown on figure 25 may be possible. This represents a
28 percent reduction in the cold flow pressire loss.
D. Effect of Swirl on Nozzle Thrust Coefficient

0f immediate concern when considering the use of swirling flow in
augmentors is what effect does swirl have on the performance of the
exhaust nozzle, Data reported in the literature (ref. 4) show that
swirl reduces the discharge coefficient, However, of more practical
concern is the effect of swirl on the thrust coefficient of the nozzle.
Because of its relevance to the program discussed herein, the result of

an Independent Research and Development Program which was conducted to
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obtain this information is presented.

Figure 26 is a plot of n..cle thrust coefficient against the median
swirl angle at the nozzle throat., The data were obtained using convergent
nozzles only. The throat median swirl angle is defined as the swirl
angle at the midspan radius. As can be seen, for throat midspan swirl
angles less than 0,26 radians (15 deg) there is no effect on the nozzle
thrust coefficient. Above this angle the thrust coefficient begins to
fall rapidly.

In figures 27 and 28 are plotted the nozzle throat swirl angle
profiles obtained using the 0,219 meter (8.62 inch) diameter nozzle.

The data of figure 27 are cold flow data., The data of figure 28 were
obtained at an augmentor equivalence ratio of 0.75. The midspan was
approximately 0.055 meters (2.15 inches). Note that as the augmentor
ejuivalence ratio was increased the midspan swirl angle decreased from
approximately 0.34 radians to 0.26 radians (19.5 to 15 degrees). This

is to be expected since increasing the combustor outlet temperature, with a
fixed area nozzle, decreases the combustor inlet velocity, both axial and
tangential, so the tangential velocity at the exhaust nozzle is reduced
and because of the higher outlet temperature the axial velocity at the
nozzle is increased. With a variable area nozzle the midspan swirl angle
would still decrease because the increase in gas temperature raises the
axial velocity.

Therefore, in a practical swirl augmentor system it may be desirable
to adjust the swirl vane angle in order to maintain the thrust coefficient
at the non-swirl value, However, this should not reduce performance since
less swirl is needed to maintain high combustion efficiency as the equiva-

lence ratic is lowered. An additional benefit of adjustable swirl vanes
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would be that non-burning pressure losses could be made very low by setting
the vanes to provide axial flow. Since there are no flameholders in the
stream the non-burning losses should be well below those of conventional
systems.
E. Combustion Instabilities

In the design and development of an augmentor, combustion instabili-
ties can be a problem. The swirling flow augmentor was no different.
During contractor funded tests prior to the start of the program combustion
instabilities (screech) occurred with frequencies between 500 and 1000
Hz, depending on the inlet temperature. An acoustic liner, mentioned
earlier, was designed and proved very effective in eliminating these
{nstabilities. During the course of contract testing instabilities in

the 90 to 100 Hz frequency range (commonly referred to as rumble) occurred.

45




It was found that these instabilities could be circumvented by proper
fuel zoning. By properly zoning the fuel the augmentor was operated over
the entire range of equivalence ratios without the occurrence of rumble.
SUMMARY OF RESULTS
A test program was conducted with an augmentor which employed swirl-
ing flow as a means of promoting rapid flame propagation. The tests were
conducted at 2 atmospheres pressure and 649°C (1200°F) inlet air temperature.

Significant test results are as follows:

1. At the full power test condition (equivalence ratio of 1.0) the
swirl augmentor demonstrated a combustion efficiency of 1007.

2, The measured total pressure losses were typical of current high
performance conventional augmentors. Current experience indicates
that with well designed turning vanes the cold pressure losses can
be reduced by 28 percent.

3. The best performance in terms of combustion efficiency, pressur:
loss and augmentor length was obtained with an augmentor L/D of
1.4 and a swirl vane angle of 0,61 radians (35 degrees).

4. Proper zoning of the fuel flow to the augmentor was found to be
essential to maintain high combustion efficiency. The best results
were obtained by gradually injecting the fuel from the outside to
the center as the fuel loading was increased.

5. The augmentor lean blow-out was 0.0007 based on total augmentor
airflow at the 1200°F inlet temperature test condition. The lean
blow-out point is strictly dependent on the flammability limit of
the pilot burner.

6. Combustion instabilities, both screech and rumble, did occur at

certain operating conditions during the test program. However,
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screech in the frequency range between 500 and 1000 Hz was suppressed
with a conventional type acoustic liner, Rumble in the frequency
range between 90 and 100 Hz was avoided by proper distribution of

fuel to the three fuel sprayrings.
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APPENDIX A
SWIRL AUGMENTOR PERFORMANCE CALCULATIONS

An enginecring type formulation of the data reduction deck used to process
the swirl augmerntor data is presented, The formulation is not intended to present
the detailed logic performed by the performance deck, Instead, only the main
concepts and equations used to determine the various performance parameters

are given,

The gas is assumed to obey the perfect gas law and the flow processes
are described by the one dimensional, isentropic relations for compressible

fluid flow, A list of symbols is presented in Appendix B,
1. Airflow Metering Orifice Temperature

This is the airflow total temperature at the primary airflow orifice, The
temperature is the arithmetic average of two temperatures measured with

chromel/alumel thermocouples, or
TORF (TORF1 + TORF2)/2 (1)
2. Airflow Metering Orifice Pressure

The airflow metering orifice upstream pressure (PORF1) is measured

with one flange static pressure tap.
3. Airflow Metering Orifice Delta P

The airflow metering orifice delta P (DPORF) is measured with a dif-
ferential pressure transducer connected across the orifice upstream and down-

stream flange taps.
4, Airflow Metering Orifice Diameter

The orifice diameter is input to the performance deck. The . imary

orifice diameter is 0.184 meter (7.250 in, ).

5. Rig Total Airflow

This is the total rig dry airflow as measured with the 0, 184-meter (7. 25=-in.)
diameter orifice. The orifice measures total massflow (dry airflow plus water

vapor) by the following equation:

49



MASSFLOW 31.2713 [1 0-0.3584 (DPORF/POR l’l)] *

V(DPORF) (PORF1)/TORF  * 2)
[o. 9983478 + 0,2065217 x 10~% TORF]

The last terms in parenthesis correct the massflow for changes in orifice area

due to thermal expansion.

The dry airflow rate is calculated by subtracting the mass of water vapor
present in the inlel massflow, This procedure is not as simple as it sounds
because the presence of water vapor in the mixture changes the gas properties
from those for dry air. Since the coefficients in equation (2) are hased on dry
air, the massflow calct ated by it will be in error, This is due to the changes
in gas properties brought about by the water vapor in the mixture., The pro-
cedure used to calculate the dry airflow rate is as follows. First the gas
properties for several mixtures of dry air and water vapor are determined. The

gas constant for each mixture is given hy:

R W + R W R W w

R a a W W R + 2w 1 ¥ (3)
m v+ W a w w
a s a a

Where \VW is the mass of water vapor and Wa is the dry airflow rate. Since

WW/W" is the specific humidity, the gas constant for the mixture is:

R (R - R _HUM) /(1 - HUM) (1)
m a w

The specific humiditv is calculated from psychrometric charts for measured

valueyr of wet and dry bulb temperatures.

The specific heat ratio for the mixture of dry air and water is given by:

/ - 5
"w Com’Com = R (5)

The specific heat for the mixture, Cpm’ is given hy:

C (C_+ C_ HUM) /(1 - HUM) (6)
pm pa pw
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From the above equations, the gas constant and specific heat ratio for
several dry air and water vapor mixtures (specific humidities) were calculated,
Usit 7 the following equation, the ratio of airflow computed using wet properties
to that using dry properties, Cg, was dctermined for the ve- ious values of

specific humidity,

r- b r q.
vy _ -1 y_-1 1/2
2/9a m .
A 2 P ¥ P .’m P 7m
A P R_ (v.-1) P P
C, = LW 1 s 2L 2L L < m
2 2/Ym —:—- 2
Az P, Ta 11'1 a Pl Ta
L \as P, R (1-1) \P, P, -1
H 1 1 J L a 2 2 ‘J

Where P2 is the orifice throat static pressure and Pl is the orifice upstream
prec-ure. The subscript ''a" refers to dry air and the subscript "m' to the dry
air and water vapor mixture. These calculations yielded a functional relation

between the mass ratio, Cf, and specific humidity which was approximated with

a linear curve fit with the following result:

Computed Flow Using Wet Properties

Cf Computed Flow Using Dry Properties

(8

(‘f =1 = 0.3 HUM

The calculated massflow is that calculated by equation (2). The dry airflow

is then given hy:

Wa = (alculated Massflow (1 - 0,3 HUM) / (1 * HUM) (9)

6. secondary Orifice Upstream Pressure

This orifice is used only as a back-up to the 7. 25~in. orifice in case dif-
ficulty with any of the measured parameters should render that orifice useless.
It has a2 diameter of 0. 173 meters (6. 83 in.). As long as good data are obtained
with the primarv orifice, the airflow as measured witn this orifice is not used in
subscquent performance caleulations, The orifice upstream pressure (BAFP1)

is measvred with o single static pressure flange tap.
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7. Sccondary Orifice Delta Pressure

This pressure (BA I'DP) is measured with a single differential pressure

transducer connected neross the upstream and downstream static pressure taps.
8. Secondary Orifice Temperature

This temperature is the arithmetic average of two chromel-alumel thermo-

couples or
BAI'TTA (BAFTT1 . BAVFTT2) /2 (10)
9. Secondary Orifice Airflow

The total orifice massflow is calculated with the foliowing equation:

MASSFLOW  26.80 [1.0 = 0. 327 (BAFDP/BAFP1)] *

VBAFDP(BAFPL)/BAFTTA' * [0.9983478 - 11)
0. 2065217 x 10~ ! BAFTTA]

This massflow is not corrected for water vapor unless this orifice bhecomes the
primary airflow metering device. If it is the primary orifice the humidity cor-

rections are the same as outlined in paragraph 5.
10. Pilot Airflow

To calculate the pilot zone airflow the pressure drop across the pilot must
first be determined. This is done as follows. The pilot downstream pressure is

given hy:
PSP PS5A (1 + hPMOM/100) (12)

Where PSSA is the combustion chamber statie pressure, see paragraph 37, and
DPMOM is the momentum pressure loss in percent, sce paragraph 18, The pilot

system pressure ratio is:

PR PSP/PT4A (13)

Where PT 1A is the augmentor inlet total pressure, sce paragraph 29, Using this

pressure ratio the Mach number across the pilod is:

GAM -1

- 2 1) GaNi o
Mp?. (a;AMl-—l) pn) 1 (1
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Where the specific heat ratio, GAM4, is calculated as outlined in paragraph 28.

Knowing the Mach number, the pilot airflow is given by:

_ GAMA4(G) 1
W, PTHA(A) (Mpz)‘/ Ty == | 5)
( GAM4-1 2) CAM4+1
1 . GAMAZL
2 pz

The rig inlet total temperature, TT4A, is calculated in paragraph 30, The
2

pilot effective area, A _, was determined experimentally to be 24.47 cm
( 7932 in?). g
11, Pilot Zone Fuel Delt P
The pilot zone fuel pressure drop is simply:
DPFPZ  PFPZ - PTIA (16)
12, Pilot Zone Fuel Flow
The pilot fuel flow, WFPZ, is measured with a turbine type flowmeter.
13. Pilot Zone Local Fuel ‘Air Ratio
The pilot fuel/air ratio is:
FAPZ - WFPZ/3600 WPZ (17

14, Preheater Inlet Temperature

This temperature is the arithmetic average of two chromel-alumel

thermocouples located immediatelv upstream of the preheater inlet,
TT3A - (TT31 - TT32)/2 (18)
15. Specific Humidity

The specific humidity is determined from measured values of wet and dry

bulb temperriures using a curve fit of the psychometric charts.

16. Cooling Water Flow

The cooling water flowrate is given hy:

'CW 2955 1
WOW 0. )9))‘/I)pw P (19)
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Where

DP Pressurc drop across a 0, 031 meter (1, 225 in.) diameter

w ‘e
orifice meter

P Water density

The water density is calculated as a function of temperature by:

17,

18.

19.

20,

21,

Pw 62.41344 - 0,003019152 (TWORF) -
0.00007294372 (TWORF)>
Heat lLoss to Cooling Water
The heat rejected to the water is calculated by:

Q = 1,009 WCW (TWORF - TWIN)
loss

Zone 2, 3 or 1 Fuel Delta P
The fuel pressure drop for zones 2, 3 and 4 is simply
DPFZ 2, 30ort = PFZ 2, 30or4 - PT4A

Zone 2, 3 or } Fuel Flow

(20)

(21)

(22)

The fuel zone fuel flows are measured with turbine type flow meters.

Zone 2, 3 or 1 Fuel-to-Air Ratio

The fuel-to-air ratio for zones 2, 3 or 4 is simply:
FA2, 3, or 1 WFZ2, 3 or 4/3600 W_

Zone 2, 3 or t Equivalence Ratio

The zone 2, 3 or | equivalence ratio is given by:

2, 3ort FA 2, 30or 4/ (0.0681 - FAPH)

(23)

(24)

Where FAPH is the preheater fuel-to-air ratio calculated in paragraph 50. The

0. 0681 term in the denominator is the stoichometric fuel/air ratio for JP-5 type

kerosine,

22,

Augmentor Fuel Flow

fuel flows or:
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WET WFPZ « WF2 « WF3 + WF4

The augmentor fucl flow is simply the sum of the pilot and zones 2, 3 and 4

(25)
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23. Augmentor Fuel-to-Air Ratio
The augmentor fuel-to-air ratio is given by:

FAO - WFT/3600 W, (26)

24. Augmentor Equivalence Ratio
The augmentor equivalence ratio is given by:
¢ FAO/ (0.0681 - FAPH) (27)
25. Pilot Type

This heading refers to the type swirler used in the pilot zone. This is an
input value denoted with either a 1 or 2. The initial rig design provided for two
pilot swirler designs. In one swirler design the airflow entered in an axial direc-
tion; hence, the swirler is referred to as a coaxial swirler, In the second de-
sign the airflow entered tiie swirler in a radial direction, hence, it is referred
to as a radial inflow swirler. An input value of 1 refers to the coaxial swirler
and a value of 2 to the radial inflow swirler, All tests under this contract were

run with the coaxial swirler.
26. Nominal Swirl Vane Angle

This heading is also an input value and refers to the nominal turning angle
of the swirl vane set in use. There are three vane sets having nominal swirl
angles of 0. 44, 0.61 and 0.79 radians (25, 35 and 45 deg).

27. Combustion Zone Length

The cffective combustion length is calculated by adding to the combustion
chamber length an equivalent duct of the same diameter whose volume is equal to

the volume of the exhaust nozzle. This is given by:

L Combustion Chamber Length + Exhaust Nozzle

Volume/A5 (28)

The combustion chamber length is taken as the length from the plane of the

zone 2, 3 and 4 sprayrings to the nozzle inlet, A5 is the flow area of the com-

bustion chamber which is 0, 114 m2 (176,63 in, ).
28. Rig Inlet Static Pressure

The rig inlet static pressure is calculated using the relations for one-
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dimensional isentropic tlow of a perfect gas. From the measured values of
temperature (TT1A, see paragraph 30), pressure (PT1A, sece paragraph 29),
dry airflow, specific humidity, and preheater fuel flow the Mach number is

calculated by iterating on the following equation:

GAM4-1
u W, (L HUM - FAPH) [R (TT4A) CCAMA-L o GAMi-1
1.5 PTA (A, ) TAMA(G) 2 4.5

The iteration is carried to the accuracy limit of the computer which is to seven
significant figures. The gas constant (R4) for the mixture of air, water vapor,

and preheater fuel was determined in the following manner:

R'"(W_ + WFPH) + R W
a v _w

R " W = WrpH - W (30)
a w

R' is a theoretical gas constant obtained from a propellant performance program
for the products of comhustion from the stand preheater at the preheater operating

conditions,

The specific heat ratio (GAM4) for the mixture of air, water, and fuel was

determined as follows:

; ", - :
GAM4 Cp} (C pi Rl) (31)
This required calculation of the specific heat for the mixture:
"(W_+ WFP + C
c CQ (“a H) pw (ww) (32)
pt Wq " WFPH ¢ Ww

Cp' is a theoretical specific heat obtained from the propellant performance pro-
gram for the products of combustion from the stand preheater at the preheater

operating conditions. pr is the specific heat for water vapor at the precheater

exhaust temperature. The area, A4 5 is the annular area bhetweon the 0,432

meter (17 in.) inner diameter of the pilot case and the 0,102 meter (1 in.) center
‘) .

hody, or, 0. 138m2 (211,41 in.” ). Knowing the Mach number the rig inlet static

pressure is given by:
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GAM4

PS1.5  PT4A/ [1 AN M, 52] GAM4-1 (33)
29, Rig Inlet Total Pressure
The rig inlet total pressure is an arithmetic average of two pressures
measured with Kiel type total pressure probes. Therefore,
PTHA (PZP1 + PZP2) /2 (34)

30. Rig Inlet Total Temperature

The rig inlet total temperature is taken as the ideal preheater outlet tem~-
perature, TT4IDEAL, TT4IDEAL is determined from an enthalpy balance across

the preheater. Therefore:

Hy = Hyin Ha CoHp Hg 7 Hc (35)

Where

Hwin - Enthalpy of the water vapor in the inlet flow

Ha Enthalpy of inlet air

Ilf Enthalpy of fuel plus lower heating value of 18,370 Btu/lbm

Hc Enthalpy of combustion products

Note the enthalpy of the water was considered constant. This arises from the
assumption that the water does not enter into combustion process but is ideally
mixed with the combustion products at the final mixture temperature. All the
above enthalpies are total enthalpies and include any kinetic energy associated

with each component, Therefore,

) AL - W TWIN + W C 'TTC
\Vt( TTHDEAT \\w CpWT ¢ p

pi
(36)

rearranging

C'w c W

TTHDEAL — TTC[=2—X1 - TTwIN{ =R W
Cor v, o ¥,
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The dry air combustion temperature, TTC, and the specific heat at constant
pressure, Cp’, are calculated from a propellant performance program at the
precheater inlet conditions. The mixture specific heat is calculated in para-
graph 28, TTWIN is cqual to TT3A.

The augmentor inlet temperature was also monitored with seven thermo-
couples. However, since the preheater outlet temperature distribution was
very nonuniform, the possibility of not obtaining a good average temperature

from only seven thermocouples precluded their use in the data reduction routine.

31. Swirl Vane Inlet Mach Number

The swirl vane inlet Mach number is calculated by itcrating on the follow-

ing equation;

GAM4+1
.  SVFR(W,)(L + IUH ¢ FAPH) R,(TT4A) |, GAMAT 2 GAM4-1
4 PT4A(A ) GAMA4(G) 2 4

As before the iteration is carried to the accuracy limit of the computer, The
swirl vane inlet area, A4, is 0.0729m2 (113.0 in.2). The term SVFR is the
fraction of the total rig massflow passing through the swirl vanes. The remain-
ing massflow passes through the pilot. An initial value of 0,96 is given to SVFR,
After the conditions downstream of the swirl vanes have been determined, a new
value of SVFR is calculated. All of the calculations are repeated using the new
value of SVFR., This process is repeated until satisfactory convergence between

the initial and final values of SVFR is obtained.
32, Augmentor Reference Mach Number

The reference Mach number is calculated by iterating on the following

equation;
GAM4-1
! T O b ia -
N ) \\a(l + HUM + FAPH) R4(TT4A) . GAM4-1 1\12 C.AM4-1
REF I"I‘4A(ARF F) GAM4(G) 2 REF

The iteration is carricd to the accuracy limit of the computer. The reference

areca, A , is taken as the annular area between the 0. 381 meter (15 in.)

REF
*)
diameter outer watl and 0,102 meter (4 in,) diameter centerbody, or 0.1059m~

2
(164.15 in).
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33.  Augmentor Reference Velocity

The refercence velocity is calculated from continuity using the following
cquations

VREF = Wa(l + HUM + FAPH)R4(TT4A)/(P’I‘4A)AREF (39)

34, Swirl Vane Inlet Velocity

The gas velocity at the swirl vanes is calculated by continuity as:
V4 = SV FR(Wa)(l + HUM + FAPH)R4T’F4A/(PT4A)(A4) (40)

35. Nominal Swirl Intensity at the Pilot

The swirl intensity at the pilot is given by:

g, = Vap/RG (41)
where,
R = Pilot inner wall radius = 0,161 meters (6,33 in.)
G - Standard acceleration due to gravity : 9,805 m/sec2
V4T:v4 *TAN e

36. Swirl Vane Pressure Loss
This pressure loss is given by:
DPSV DPAUG - DPMOM (42)

where the total system pressurc loss, DPAUG, is given in paragraph 49, and

the momentum pressure loss, DPMOM, is given in paragraph 48,
37. Combustion Zone Exit Static Pressure

This pressure is the arithmetic average of two pressures measured with

static pressure taps located just ahead of the exhaust nozzle. Therefore:
PS5 - (PS51 + PS52)/2 (43)
38. Exhaust Total Pressure

The exhaust total pressure is calculated by an iterative procedure. The only
known data are tne nozzle inlet and throat geometric areas, the augmentor mass-

flow and the combustion zone static pressure at the nozzle inlet. The nozzle
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t hroat static pressure was taken to be equal to atmospheric pressure for an initial
guess., This introduces no error. If the nozzle total pressure is such that the throat
Mach number is less than or just equal to 1, 0, the throat static pressure is
atmospheric. If the nozzle total pressure is any greater, the throat Mach

number will be 1.0 and knowledge of the throat static pressure is not necessary,

To start the iteration process the nozzle total pressure is taken to be equal
to the measured combustion zone static pressure, The nozzle total temperature
is set equal to the ideal total temperaturc as calculated in paragraph 52, With
this data an initial value of the throat Mach number can be calculated as outlined
in paragraph 39.  Using this Mach number a new value of the gas total tem-
perature is calculated as in paragraph 44, The nozzle throat may or may not
be choked, Therefore, using the calculated Mach number the Acd/A* value at
the nozzle throat is given by

GAMG6+1

) 3(GAM6-1)

GAMGTL 2 6 (44)

A Jas- L <__2_>(191\_1\16__1Ma
where

A* - Area at a Mach numb-=r of unity

A Effectiive arca of the exhaust nozzle. (See paragraph 43.)

cd

The specific heat ratio is caiculated as in paragraph 45, With this value of

ACd/A* the corresponding value at the nozzle inlet, A5/A* is given by
Ag/Ar - (A5/Acd)(Acd/A*) (49)

Knowing AS/A* the Mach number at the nozzle inlet is found by iterating on *ic

equation:
GAMG6+1
M, - —t 2 o GAMES] o )| HOANED (46)
5 (AS/A*) GAM6+1 2 6

As before, the iteration is carried to the accuracy limit of the computer., Using
this value of the nozzle inlet Mach number a new value of the nozzle total pres-

sure is calculated from

GAMG
. .\ GAMG-1
PT6A - PS5A (1 R G—A—g“il Mé) 47
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The iterative procedure involving sections 39, 44 and 52 is repeated until the
calculated total temperature converges to within 0,056°C (0. 1°F).

The exhaust total pressure was also measured with an exhaust total pressure
rake, However, during the course of the program the sensor tips were gradually
burned away. This changed the accuracy of the rake over the course of the pro-
gram. Since more consistent results were obtained with the method described

above, it was used for all of the data reduction.

39, Exhaust Mach Number

The exhaust nozzle Mach number is calculated knowing the pressure ratio

at the nozzle. Therefore,

GAMG-1
M - 2 prea) GAM6 "
6 Game-1) |\ PBAR (48)

Where PBAR is the local atmospheric pressure. The specific heat ratio, GAMS6,

is calculated in paragraph 45. If the pressure ratio is such that the calculated

Mach number is greater than 1,0, the Mach number is set equal to 1,0,
40, Exhaust Nozzle Tangential Mach Number

The tangential Mach number at the exhaust nozzle is used to determine

the nozzle discharge coefficient during hot tests., It is calculated by:

XMT - V., (3286 GAMS(G) (R,) TT6IDEAL (49)
T4 \D_ 6

where \',1‘4 is given in paragraph 35, The gas constant, RG’ is calculated in
paragraph 45. The ideal exit temperature, TT61DEAL, is calculated in para-
graph 52,

41, Exhaust Nozzle Diameter (Cold)

The cold diameter of the exhaust nozzle is an input to the program. Two
exhaust nozzles were used in the program, Diameters were 0.272 meters
(10.69 in.) and 0. 219 meters (8.62 in. ).

42, I'xhaust Nozzle Discharge Co«fficient

The exhaust nozzle discharge coefficient (Cy) is determined using the
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curve of figure Al, As suggested in Referencc 4, the C4 is presented as a
function of the tangential Mach number at the nozzle throat (see paragraph 40

for the determination of the throat tangential Mach number) and nozzle pres-

sure ratio.

1.00

MEASURED DATA Pkl S
cd MTAN Pr o

() 0.8789 0.247 2.0487
L L) 0.8775 0.247 2,0507

0.90

NOZZLE DISCHARGE COEFFICIENT
o
@
o

() 0.8900 0.249 2.0962
/A 0.8973 0.249 2.1133
0.8968 0.249 2.1099
0.903 0.168 2.0824
0.371 0.
070 . 0.344 2.1959
0 0.1 0.2 0.3 04
NOZZLE TANGENTIAL MACH NUMBER
Figure Al, Effect of Pressure Ratio and Tangential FD 79974
Mach Number on Nozzle Discharge
Coefficient

43, Exhaust Nczzle Effcctive Area

During cold flow the nozzle effective area is calculated from the isentropic

flow relations as follows:

GAM6+1
A Wa(l + HUM + FAPH) RGTTG N GAM6-1 M2 GAM6-1 50)
cd PTGA(M,) GAM6(G) 2 6
During hot tests the nozzle effective area is calculated by:
- Al 51
Acd ('d Anoz 1)

using the appropriate C4 calculated in paragraph 42, The nozzle geometric

area is corrected for thermal expansion by the relation:

A T 2 1+ (TNOZA-80)(8.4 x 10~6))2 52
L EDd 11 (TNOZA-80)(8.4 x 10°6)) (52)
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The thermal expansion correction is given by the term in brackets; the nozzle

wall temperature is calculated in paragraph 56,
44, Fxhaust Gas Total Temperature

Knowing the exhaust nozzle total pressure, effective flow area, exhaust
Mach number, and total rig massflow, the exhaust total temperature is given
by

2
e
6 PTOAR Mg GAMS(G) 53)
W (17 1IUM 7 FADIT ¥ FAO) GAMG1
. ( GAM6-1 2) GAMS6-1
RG 1+ —2—'— MG

45, Exhaust Gas Gamma

The specific heat ratio, GAMG6, for the mixture of air, water and fuel is

given by:

GAMG - Cpﬁ/((‘pG -R (59

6
The gas constant, RG’ for the mixture is given by:

R'(W_+ WFT + WFPH) +R_ W
a W W

Rg = W, + WFT + WEPH + W__ (55)

Where R' is a theoretical gas constant obtained from a propellant performance

program for the products of combustion at the augmentor operating conditions.
The constant pressure specific heat, Cp6’ for the mixture is given by:

C'(W_+WFT + WFPH) + R_ W
__p . a w_w

(’pG Wa +WFT + WFPH + WW

(56)

The specific heat Cl') is obtained from a propellant performance deck at the

nozzle cxit conditions,
46, Augmentur Temperature Ratio
The temperature ratio across the augmentor is simply:
TRATIO TT6/TT4A (57)
47. Pilot Pressure loss
The pilot system pressure loss is:

DPPZ  [(PT4A - PSP)/PT4A) 100 (58)
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48, Momentum Pressure Loss

The momentum pressure loss (loss due to combustion) was determined

from the rclations for simple heating uf a perfect gas (Rayleigh line calculation)
in a constant area duct, The theoretical total pressure ratio (Po/Pg) M= M, 6
if the flow were heated from a state where M = My, to a state where M = 1,

is determined from:

(&) = PI4a
p; M=M, . Po
GAM4
2<1+GAM4—1 2 ) GAM4-1
GAM4+1 2 4.6 (59
1+ GAM4(M4‘6)2 GAM4+1

The Mach number, M4 8 is evaluated at the plane of the zone 2, 3 and 4 spray-
bars using the temperature and pressure conditions at the swirl vane inlet.
The Mach number calculation is identical to that outlined in paragraph 32 for

the reference Mach number, The only difference is the area which is taken as

the chamber cross-section at the plane of the spraybars or 0. 114m2 (176.7 in‘.?).
The theoretical total temperature ratio, (TO/TS)M =M if the flow were
R WL

heated from a state where M - 1\14 6 to a state where M - 1,is determined from:

T
(_9_) = TT4A _
T _ T*
ol/M M, o 0
GAM4-1 .2
2 v 2 M4.'

[SSLie2

2 (GAM4+1) M (60)

2
4.6[ (1 + GAMA(M, )

Knowing the exhaust total temperaturce and hence the exhaust-to-inlet tem-
perature ratio, TT6 “T'T'4A,the Mach number My just upstream of the exhaust
nozzle is calculated from:
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| » GAM6-1

2
TT4A ., TT6 _ TTe
X = -
T TTIA ~ T3 2(GAMS+1)M

Mg
2 55 (61)
5] (1 + GAMS6-1(M;))

Using Mach number, M;, and the pressure ratio PT4A/P; compir - | in equation 59,
the total pressure just upstream of the exhaust nozzle is then determined from:

PTSIDEAL , PT4A
PT4A 4

GAMS6
- GAMS6-1
5 il . GAMé-1 , 2
PTSIDEAL _ GAM6+1 2 5 (62)
Py 1+ GAMs(M,)° GAM6+1

The momentum pressure loss is then:

_{ PT4A - PTSIDEAL
DPMOM - ( T )100 (63)

49, Total System Pressure Loss

The total system pressure loss is simply:

(64)

SPAUG (w) 100

PT4A
50. Preheater Fuel-to-Air Ratio
The preheater fuel-to-air ratio is simply:

FAPH - WFPH/(3600 Wa) (65)

561. Prcheater Efficiency
The preheater efficiency is given by:

EFFPH  (TT4A - TT3A)/(TTAIDEAL - TT3A) (66)

The ideal preheater outlet temperature, TT4IDEAL, is given in paragraph 30,

65



52. wdeal kahaust Total Temperature

The ideal exhaust total temperature is calculated in the same manner as
the preheater ideal temperature. The ideal dry cxhaust tots: temperature is
calculated from the propellant performance program as the temperature that
would result from combustion of dry air at the prcheater inlet temperature
TT3A and the total rig fuel flow (stand preheater fuel, pitot fuel, and main com-
bustion zone fuel)., This temperature is then corrected for water vapor ir the

inlet airflow as follows, From an enthalpy balance:

Hg - M *Hy # B T+ H

Note once again that the enthalpy of the water is considered constant, The
enthalpies used in the above equation are total enthalpies, which include the

Kinetic energy associated with cach component, Thus:

W_C  TT6IDEAL - W _C_ _ TTWIN+W C' TTC
p6 W pw cp

T
Rearranging:
C' WC C W \\'w
TT6IDEAL  TTC —-L— + TTWIN ; (67)
c W cC W,
pt 1 p6

C"), the specific heat of the dry combustion products is determined from the pro-

pellant performance program. The specific heat for the mixture, C gs is de-

p
termined as outlined earlier for air, water, and fuel mixtures (paragraph 45),

As before, TTWIN is cqual to TT3A,
53.  Augmentor Efficiency

The augmentor combustion efficiency is given by:

TTGIDEAL - TT4A 18370 W

Py

r
! — 3600
EFFMB l( T16 -TTiA ) ' 10ss 1 100 (68)

The cooling water heat loss, Q)ygg, i8 calculated in Section 17,

Equation (6G8) calculates the augmentor efficiency by comparing the ideal
temperature rise to the actual temperature rise as determined from the calcu-

lated value of TT6, For a portion of the tests the combustion cfficiency was
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also determined by sampling the exhaust gases for unburned hydrocarbons

and carbon monoxide. The combustion efficiency is then given by:

HVco(CO) + HVf(UHC)

EFFMB - 100 - 100 5 (69)
HVf x 10
where

CO = emission index of carbon monoxide

UHC = emission index of unburned hydrocarbons

HVco = heating value of carbon monoxide = 1.010 x 107 Joules/kg

(4343 Btu/lb )

HVE = heating value of the fuel = 4,273 x 107 Joules/kg

(18, 370 Btu/lbypy,)

54. Drag Coefficient - Vane Mach Number

The augmentor drag coefficient based on the swirl vane inlet Mach number

is:
CDAUG - (PT4A - PT64)/Q, (70)

Where the dynamic head Q4 is given by:

GAM4(PT4A)M> -
Q= GAM4
GAMA-1
- 9
2 |1 . GAMEL w?

(1)
.

Drag Coefficient - Reference Mach Number

The augmentor drag coefficient based on reference Mach number is:

CDREF - (PT4A - PTGA)/QREF 72
Where
(’,AI\H(I”I‘L}A)IW;){EF -
Qg g GAM4
|y aama e GAM4-1
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56. Exhaust Nozzle Average Skin Temperature

The nozzle throat skin temperature is an arithmetic average of 4 chromel-

alumel skin thermocouples or:

4
TNOZA = TNOZ(1)/4 74
=1
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APPENDIX B
LIST OF SYMBOLS

A1 - Orifice upstream area
A2 - Orifice throat area
A4 - Swirl vane inlet area, 729 cm2 (113.0 in.2)
A4 5 - Flow area upstream of the swirl vanes, 1380 cm2 (214. 4 in.2)
A4 6 - Flow area at the sprayrings, 1140 cm2 (176.6 in.z)
A5 - Flow area at the nozzle inlet, 1140 cm2 (176.6 in.2)
ACd - Nozzle throat effective area
A - Nozzle geometric area
noz
Ap - Pilot zone inlet area, 24, 47 cm2 (3.79 in.z)
Aref - Augmentor reference area, 1059 cm2 (164.15 in?)
A* - Flow area at Mach number equal 1.0
BAFDP - Back-up orifice delta pressure
BAFP1 - Back-up orifice upstream pressure
BAFTTA ~ Back~up orifice average temperature
Cd - Nozzle discharge coefficient
CDAUG - Augmentor drag coefficient based on swirl vane inlet
Mach number
CDREF - Augmentor drag coefficient based on reference Mach
number
Cf - Ratio of computed flow using wet gas properties to
that using dry gas properties
pa -~ Specific heat at constant pressure for dry air
- Specific heat at constant pressure for a mixture of
pm dry air and water vapor
pr - Specific heat at constant pressure for water vapor
C 4 - Specific heat at constant pressure for a mixture of
p water vapor and combustion products at the swirl

vane inlet
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Cog

C
p

DNOZ
DPAUG
DPFPZ
DPFZ2
DPFZ3
DPFZ4
DPMOM
DPORF
DPPZ
DPSV

DPw

EFFMB
EFFPH
FA2
FA3
FA4
FAO
FAPH
FAPZ
G

GAM4

GAMS6
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Specific heat at constant pressure for a mixture of water
vapor and combustion products at the nozzle exit

Specific heat at constant pressure for dry combustion
products

Nozzle diameter - cold

Augmentor total pressure loss

Pilot zone fuel pressure drop

Zone 2 fuel pressure dron

Zone 3 fuel prassure drop

Zone 4 fuel pressure drop

Momentum pressure drop (pressure drop due to heating)
Primary airflow orifice pressure drop

Pilot zone air pressure loss

Swirl vane pressure loss

Pressure drop across cooling water flow measuring
orifice

Augmentor combustion efficiency

Preheater combustion efficiency

Augmentor fuel/air ratio due to zone 2 fuel flow
Augmentor fuel/air ratio due to zone 3 fuel flow
Augmentor fuel/air ratio due to zone ¢ frel flow
Augmentor fuel/air ratio

Preheater fuel/air ratio

Pilot zone fuel/air ratio

Standard acceleration due to gravity

Specific heat ratio at swirl vane inlet

Specific heat ratio at nozzle exit



G - Swirl intensity at the pilot inner wall, defined in Equation (41)

lla - linthalpy of entering air

IIC - Enthalpy of combustion products

lif - Enthalpy of fuel including heat of combustion
”4 - Enthalpy of gas at swirl vane inlet

116 - Enthalpy of gas al nozzle exit

HUM - Specific humidity of entering air

HWIN - Enthalpy of entering water vapor

L - Combustion zone length

L/D - Combustion zone length-to-diameter ratio
M4 - Swirl vane inlet Mach number

M4. 5 - Mach number just upstream of the swirl vanes
M4.6 - Mach number at the plane of the fuel sprayrings
I\’[5 - Exhaust nozzle iniet Mach number

M6 - Nozzle exit Mach number

Mpz - Mach number through pilot swirler

Mref - Augmentor reference Mach number

P1 - Orifice upstream pressure

P2 - Orifice throat pressure

PBAR - Atmospheric pressure

PFPZ - Pilot zone fuel pressure

PFZ2 - Zone 2 fuel pressure

PFZ3 - Zone 3 fuel pressure

Prz4 - Zone 1 fuel pressure

P; - Total pressure at Mach number unity
PORT1 - Primary orifice upstream pressure

I - Total to static pressure ratio
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PS4.5
PS5A

PSp

PT4A
PTS5IDEAL

PT6A

TORF
TRATIO
TT3A
TT4A
TT4IDEAL
TT6

TTGIDEAL
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Static pressure just upstream of swirl vanes
Nozzle inlet static pressure

Pilot zone static pressure

Augmentor inlet total pressure

Ideal total pressure at nozzle inlet

Exhaust nozzle total pressure

Swirl vane dynamic head

Heat rejected to cooling water

Reference dynamic head

Pilot inner wall radius

Gas constant for dry air

Gas constant for a mixture of dry air and water vapor
Gas constant for water vapor

Gas constant at the swirl vane inlet

Gas constant at the nozzle exit

Gas constant for the dry combustion products

Fraction of total rig massflow passing through the
swirl vanes

Exhaust nozzle wall temperature

Total temperature at Mach number unity
Primary orifice temperature

Ratio of outlet to inlet temperature
Preheater inlet total temperature

Rig inlet total temperature

Ideal preheater outlet temperature
Augmentor outlet total temperature

Ideal augmentor outlet temperature



TTC

TTWIN

TWIN

TWORF

WFPZ

WFT

WFZ2

WEZ3

WFZ4

Ideal combustion temperature-dry
Temperature of entering water vapor
Cooling water inlet temperature
Cooling water outlet temperature
Swirl vane inlet velocity

Tangential velocity at the pilot inner wall
Reference velocity

Dry airflow rate

Dry flowrate of combustion products
Cooling water flowrate

Pilot zone fuel flow

Total augmentor fuel flow

Zone 2 fuel flow

Zone 3 fuel flow

Zone 4 fuel flow

Pilot zone airflow

Total massflow at the exhaust nozzle

Water vapor flowrate

Tangential Mach number at the exhaust nozzle exit

Swirl vane angle

Specific heat at constant pressure of dry air

Specific heat at constant pressure of water vapor and dry air

Augmentor equivalence ratio
Zone 2 equivalence ratio
Z.0one 3 equivalence ratio
Zone 1 equivalence ratio

Cooling water density
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