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AFTERBURNER PERFORMANCE OF CIRCULAR V-GUTTERS AND
A SECTOR OF PARALLEL V-GUTTERS FOR A RANGE OF
INLET TEMPERATURES TO 1255 K (1800° F)
by J. Robert Branstetter and Gregory M. Reck

Lewis Research Center

SUMMARY

Combustion tests were conducted in a 49-centimeter (19.25-in.) diameter duct to
compare the performance of a two-ring, circular V-gutter afterburner and a configui'a-
tion of three, straight, parallel V-gutters. This latter configuration simulated a sector
of a much larger afterburner containing circular arrays. All V-gutters were 3.8 centi-
meters (1.5 in.) wide. ASTM A-1 fuel was injected normal to the airflow from spray-
bars mounted in line with the gutters. Spraybar - to - V-gutter spacings of 12.7 and
25.4 centimeters (5 and 10 in.) were tested. Combustor length was established at
92 centimeters (36 in.) by a set of water sprays. Vitiated air entered the combustor at
temperatures of 920, 1090, or 1255 K (12000, 15000, or 1800° F). Inlet pressure and
velocity were maintained at 1 atmosphere and 150 meters per second (500 ft/sec), re-
spectively. A fuel-air ratio span of 0.008 to 0.065 was investigated.

The circular array, because of its larger blocked area, produced higher combustion
efficiencies but poorer lean blowout performance than did the parallel gutters. Although
‘the level of performance of the parallel and circular array afterburners investigated was °
different, the trends with geometry variation were consistent. Therefore, parallel ar-
rays can be used for evaluating V-gutter geometry effects on combustion performance.

The two V-gutter arrays provided the following results: Combustion efficiency in-
creased as the inlet temperature was increased. For an inlet temperature of 1255 K
(1800° F) , the efficiency was near 100 percent. Highest combustion efficiency and best
lean blowout results were obtained with the 12.7-centimeter (5-in.) spacing between the
fuel injectors (spraybars) and the flameholders (V-gutters). The lean blowout fuel -air
ratio appeared insensitive to changes in the inlet temperature but decreased noticeably
for a decrease in injector-to-flameholder spacing. Also included are results showing
that both combustion efficiency and blowout were insensitive to a change of inlet velocity
profile. No gutter damage was observed. The fuel spraybars were subject to clogging at
very low fuel flow rates at an inlet temperature of 1255 K (18000 F). The calorimetric
apparatus and operating procedure for obtaining combustion efficiency are described.




INTRODUCTION

This study was undertaken to compare parallel and circular flameholder arrays by
evaluating combustion performance and hardware durability at three inlet temperatures.
The comparison includes an examination of the effect of fuel mixing distance and inlet
velocity profile.

Several years ago, afterburner combustor studies were resumed at Lewis after a
lapse of about 10 years (ref. 1). These new studies were prompted by an interest in
afterburner operation over an extended range of fuel-air ratios and a trend toward
higher turbine discharge temperatures (ref. 2). Operation over an extended range of
fuel-air ratios creates combustion efficiency problems. High inlet temperatures aggra-
vate liner cooling problems. Prior work on afterburners is reported in reference 1.
This work included an evaluation of straight, parallel burner configurations. Because of
facility limitations, inlet temperatures were limited to 920 K (1200° F).

In order to conduct combustion tests in the environment required by present-day
needs, the reference 1 apparatus was upgraded to provide inlet temperature capabilities
to 1255 K (1800° F) and variable combustor length. The present study compares parallel
and conventional circular V-gutter arrays by evaluating combustion performance and
hardware durability using vitiated air at inlet temperatures of 920, 1090, and 1255 K
( 12000, 15000, and 1800° F). The study places emphasis on combustion efficiency and
on operating range as indicated by lean blowout limits. A 49-centimeter (19.25-in.)
diameter duct was used to test a two-ring V-gutter afterburner and a configuration of
three, straight, parallel V-gutters. This latter configuration simulated a sector of a
larger diameter circular array. Combustor length was established at 92 centimeters
(36 in.) by a set of water sprays. Inlet pressure and velocity were maintained at
1 atmosphere and 150 meters per second (500 ft/sec), respectively. A fuel-air ratio
span of 0.008 to 0.065 was investigated.

COMBUSTION PERFORMANCE CONSIDERATIONS

The concept of parallel flameholder arrangement within the confines of a relatively
small-diameter duct (ref. 1) had been found to provide good flexibility of hardware
arrangement. Scaling problems had appeared minimal in that there appeared to be no
physical scaling of pertinent dimensions affecting the complex kinetic processes of mix-
ture preparation and combustion. Dimensions considered most critical were after-
burner length, flameholder width and lateral spacing, and fuel-injector -to-flameholder

longitudinal spacing.
For the present investigation simple V-~gutters and fuel spraybars were selected




because they are the best-understood types. To minimize the adverse effect of flame
quenching at the duct wall, spraying of fuel in the vicinity of the walls was kept to a min-
"imum. The longitudinal distances between fuel spraybars and V-gutters were chosen to
provide stable combustion at intermediate values of thrust augmentation, that is, at
fuel-air ratios near one-half stoichiometric values. An examination of reference 3
blowout correlation. results had shown that longer mixing distances would produce pre- -
mature lean blowouts. To obtain the maximum possible uniformity of fuel distribution
in the flame recirculation zone immediately downstream of the V-gutter, small and
closely spaced fuel orifices were used. Flame uniformity should aid the interpretation
of blowout results. Afterburner length was chosen to provide a spread in the combustion
efficiency values and thereby ease the task of interpreting the combustion efficiency re-
sults.

For the present inlet conditions, inlet pressure andinlet velocity are expected to be
subordinate to inlet temperature as factors affecting combustion efficiency level (ref. 3).
However, in recognition of the wide variety of velocity profiles encountered in practice,
two profiles were studied. .

Combustor hardware materials were selected on the basis of strength and oxidation
resistance at elevated temperatures.

APPARATUS
Test Facility

A diagram of the test facility is presented in figure 1. The combustion air was
heated in a tube-type heat exchanger and metered with an orifice. A choked butterfly
valve Iocated downstream regulated the flow and a perforated cyhnder dispersed the air
into the inlet plenum. After passing through the vitiating preheater and test sect1on the
afterburner exhaust was quenched and calorimetrically measured. Finally, the gases
were further quenched and exited through an exhaust hutterfly valve into the altitude ex-
haust system.

The test apparatus was contained within a safety shroud., as shown in figure 1. The
shroud g\iided purge air around the test apparatus, thereby redueing the possibility of
fuel accumulation in the event of a leak. '

ASTM A-1 kerosene was supplied to the afterburner through a conventlonal system
containing flowmeters, a throttle valve, and a positive shutoff valve. Another fuel sys-
tem provided gasoline to the vitiating preheater,




Test Apparatus

The vitiating preheater, afterburner, and enthalpy balance sections are shown
schematically in figure 2. The vitiating preheater consisted of four J-57 combustor ¢
cans (fig. 3) mounted on a bulkhead. A mixing section (fig. 4) was located at the aft end
of each' combustor can. Each mixer consisted of two concentric shells bolted to the -
downstream side of the bulkhead. . '

Pertinent details of the afterburner test section are shown in figure 5. Two inlet
velocity profiles - a ''flat'' and a ''lobed'' - were investigated. The baffle in figure 5
was used for the flat profile tests. An internal flow of air cooled the baffle. The water
spray head is shown in figure 6. The spray head could-be positioned at any axial loca-
tion within the combustion chamber. Sprays were directed normal to the gas flow.

Each of the two rings of figure. 6 was supplied with its ownflow system. A third set of
metered water sprays located at the plane of casing-diameter enlargement (fig. 5) was
used when needed: to assist in cooling the enthalpy balance casing. Vanes and wall-
mounted baffles in the enthalpy balance section (f1g 2) promoted m1x1ng and vapor1zat1on
of the quench water. A DR : ‘

The combustion ‘chamber length, defined as the distance from the downstream face
of the V-gutters to the flame-quénch plane, was set at 92 centimeters (36 in.). Chamber
diameter was 49.0 centimeters (19.25 in.). The resulting reference area was 1878
square centimeters (291 sq in.).

Afterburner Designs

Two V-gutter configurations, a circular design and a straight parallel design, were
investigated and are shown in figures 7 and 8, respectively. Each array was coplanar.
The gutters and support hardware were made from cobalt-base sheet. The projected
area of the parallel gutters blocked 21.6 percent of the reference area. The circular
gutters blocked 30. 8 percent of the reference area. All gutters had a width of 3.8 centi-
meters (1.5 in.). -The fuel bars were made from nickel-base alloy. Hole diameter was
0.05 centimeter (0 02 in.) and injection was normal to the gas flow. The bars were
mounted in a fixed position that was either 12.7 or 25.4 centimeters (5 or 10 in.) up-
stream of the flameholder trailing edge. This spacmg was var;ed by varying the length
of the V-gutter support straps. The fuel injectors were connected to a common mani-
fold.



Instrumentation

Airflow rate was measured by a sharp-edged orifice with flange pressure taps in-
stalled according to ASME specifications. The location of other fixed-position pressure
and temperature sensors is shown in figure 9. Dynamic pressure transducers were
flush mounted on the flow straightening. section with diaphragms exposed to the gas flow .-
in order to detect the presence of acoustic resonance (screech). The outputs of these
transducers were displayed in the control room and were recorded on a high-speed os-
cillograph. - . _

Two turbine-type flowmeters were series mounted in the ASTM A-1 supply system
and also in the gasoline supply system for the direct-fired preheater. Three turbine-
type flowmeters.were mounted in the flame-quench water system - one measuring the
total flow rate, and one in each of the two parallel systems delivering the water to-the -
quench spraybars. The cooling water for the afterburner combustion sections: (fig. 2). -
was supplied by two independent sources, each.of which contained a throttle valve and a
flow measuring device. .

Data from the steady-state 1nstrumentat10n were recorded by the laboratory's auto-
matic data recording and processing system (refs. 4 and 5). A portion of the instru-
mentation was connected to an analog computer which provided a continuous display in -
the control room of airflow rate and fuel-air ratio. '

TEST PROCEDURE

The following three afterburner-inlet test conditions were investigated:

‘Test condition
A B C.
Total temperature, K (OF) 920 (1200) | 1090 (1500) |1255 (1800) |.
Static pressure, N/cm? (psia) . 10.0 (14.5) | 10.0 (14.5) [10.0 (14.5)
Velocity, m/sec (ft/sec) 150 (500) 150 (500) 150 (500)
Preheater -inlet total temperature, K (°F) 450 (350) | 450 (350) | 450 (350)
Nominal airflow rate, kg/séc (lb/sec) : 11 (25) 9 (20) - 8 (18)
‘Nominal preheater fuel-air ratio - 0.012 ~0.017 4 . 0.022




Afterburner ignition was initiated for test conditions A and B. Ignition was accom-
plished by momentarily increasing the fuel flow to the vitiating preheater and torching to
the V-gutters. Performance data were taken over as wide a range of fuel-air ratios as
‘was possible without exceeding stoichiometric mixture. Lean blowout points were de-
termined by slowly decreasing afterburner fuel flow until flameout occurred. Blowout
was detected by a decrease in combustor pressure and /or temperature at the enthalpy
balance exit plane. A borescope and gutter -mounted thermocouples assisted blowout
detection. The blowout point defined the lowest value of fuel-air ratio that could sustain
a flame in the shelter of the flameholder. Usually, this fuel-air ratio was first detected
by a sudden drop of approximately 5 percent in chamber pressure. The first gutter to
blow out defined the blowout fuel-air ratio. Test condition C required a special proce-
dure since fuel decomposition and subsequent spraybar clogging- were encountered at
fuel-air ratios less than 0.010. The clogging problem was circumvented by igniting the
afterburner at test condition A or B, prior to shifting to condition C. Lean blowout
tests could not be attempted at test condition C. ' T

In several instances, the upper limit of fuel-air ratio was fixed by the onset of com-
bustion resonance. At test condition A, the upper limit was a result of thermal choking
in the enthalpy balance section. ' ' ' -

Combustion efficiency was obtained by using an enthalpy balance te¢hnique which
required that no liquid water be present at the enthalpy balance plane. To ensure this,
the average gas temperature at the enthalpy balance plane was maintained at 700 K
(800° F) or greater by controlling the quench-water flow rate. Data used for computa-
tion of combustion efficiency were obtained only after the system reached thermal equi-
librium. -

CALCULATIONS

Afterburner Fuel-Air Ratio (Unburned)
To include the effects of vitiation of the inlet air and incomplete combustion in the
preheater, the afterburner fuel-air ratio (unburned) was computed by dividing the total

fuel flow available to the afterburner by the available unburned airflow. All data are
presented in terms of this fuel-air ratio. Further discussion is included in appendix A.

Velocity and Mach Number

Inlet velocity and inlet Mach number were calculated from the measured airflow



rate, the inlet reference area of the afterburner test section, the average inlet total
temperature, and the inlet static pressure. Lip velocity was calculated as the product
of inlet velocity and the term (100/(100 - area blockage, 'percent)).

Combustion Efficiency

Combustion efficiency was defined as the ratio of the heat output of the afterburner
to the chemical energy of all fuel entering the afterburner. The combustion efficiency
equation and its derivation are included in appendix A. Heat-transfer losses from the -
duct components and the vitiating effect of the direct-fired preheater were included in
the calculations. The heat-transfer losses consisted of measured losses from the
water -cooled sections and small estimated radiation losses from the enthalpy balance
section. The sum of all heat-transfer losses amounted to 23 to 70 joules per gram of
air (10 to 30 Btu/lb of air). The value of afterburner inlet temperature (Tin of appen~
dix A) used in the calculation of afterburner combustion efficiency was computed from
the preheater inlet-air temperature, the preheater fuel-air ratio, and the preheater
combustion efficiency. This procedure was necessary since the technique of torching
the preheater for afterburner ignition sometimes damaged the afterburner inlet thermo-
couples. '

Accuracy of Combustion Efficiency Data

Details of the operating characteristics of the calorimeter are given in appendix B.
Anerror analysis is presented in appendix' C, along with a discussion of the influence
that dissociated combustion products have on the computed value of combustion effi-
ciency. Because of the dissociation, the efficiency values are very likely too low at
fuel-air ratios larger than 0.04. '

RESULTS AND DISCUSSION
. Comparison of Circular and Parallel V-Gutter Geometries

General. - The following comparisons discuss the practicality of using parallel
V-gutter arrays in place of circular V-gutter arrays to facilitate testing. Comparisons
are made on the basis of combustion efficiency, blowout, and durability. Combustion
efficiency and blowout data obtained with the circular V-gutters and with the parallel



V-gutters for three test conditions are presented in figures 10 and 11, respectively.
Daté for two spraybar - to - V-gutter spacings are presented. These data were obtained
with lobed inlet velocity profiles which had.a local high-velocity core 30 percent above
the average. A lobed profile was used to simulate profiles encountered by afterburners
in actual ‘engine application. Typical examples of the inlet velocity profile and the inlet
temperature profile are presented in appendix B.

For purposes of comparison, the data curves of figures 10 and 11 have been replotted
in figure 12. Certain critical dimensional differences which influence the comparison
are as follows; Lateral spacing of the circular V-gutters was 8.9 centimeters (3.5 in.).
Spacing 'of, the parallel gutters was 12.7 centimeters (5 in.). The projected blocked area
of the circular gutters was approximately 40 percent greater than the blockage provided
by the parallel gutters. Thus, flow vélocity past the lip of the flameholder was 220 and
195 meters per second (720 and 635 ft/sec) for the circular and parallel arrays, respec-
tively. , - :

Combustion efficiency. - Combustion efficiency values used for comparing the two

V-gutter configurations were taken at a fuel-air ratio of 0.03. This fuel-air ratio repre-
sents an intermediate thrust augmentation value and is a typical design value for many '
afterburner applications. Also, at 0.03 the data curves are reasonably flat and instru-
mentation errors are at a minimum, as describéd in appendix C.

As shown in figure 12, the circular geometry produced higher combustion efficiency
values than the parallel V-gutter array. At 0.03 fuel-air ratio, the maximum efficiency
difference is 6 percent and occurs in figure 12(b) at an inlet temperature of 920 K
(1200° F). Figure 12 data show that the efficiency differences between the two arrays is
0 to 3 percent for inlet temperatures of 1090 and 1255 K (1'5.»000 and 1800° F), and 2 to
6 percent for an'inlet temperature of 920 K (1200O F).

A 1likely cause for the higher combustion efficiency of the circular array stems from
flame kinetics. The rate of flame spreading across the flame surfaces combined with
the lateral distance the flame must travel can be expected to establish the overall chem-
ical conversion rate discussed in reference 6. At the two higher inlet temperatures,
flame spreading is sufficiéntly rapid that the differences in lateral spacing between the
two gutter arrays produces only a small effect on combustion efficiency. At the lowest
inlet temperature, flame spreading is slower and the observed efficiency differences are
more pronounced. ‘

Blowout. - Ovérall blowout results of figure 12 show that the parallél array had
better blowout characteristics than the circular array. Only at an inlet temperature of
920 K (1200° F) is the lean blowout limit for the circular gutters as low as the lean blow-
out limit for the parallel array. This result is not surprising since the circular array,
because of its higher blockage, produced higher lip velocities past the flameholder.

Generally, differences in blowout values for the two V-gutter arrays were marginal
and may be insignificant when the lip velocity differences and complexity of obtaining
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meaningful data are considered. Selection of a blowout fuel-air ratio was often difficult.
Sometimes one local area of sheltered flame would persist at very low fuel -air ratios.
_Also, failure of flame to spread laterally from a gutter was occasionally misconstrued
to be blowout. The inability of a flame to spread is described on page 135 of refer-~
ence 7. Poor flame spreading is the likely cause of the pronounced change in slope of
some data curves of figures 10 and 11 in the vicinity of the blowout point.

Durability. - Durability differences between the two types of arrays were not de-
tected. Visual inspection of the gutters showed no warpage or other signs of deteriora-
tion. Gutter temperatures, typified by the data of figure 13 were of similar magnitude
for the two arrays. These data were obtained concurrently with the performance data’ '
by thermocouples distributed on the metal surfaces.

Fuel tube clogging presented problems with 1255 K (1800° F) inlet temperature.
Fuel overheating was sufficiently great at low fuel flow rates that fuel orifices some-
times fouled. In such cases, performance data were discarded. Clogging, as evidenced
by injection pressure data, did not occur at intermediate fuel-air ratios.

Effect of Inlet Temperature and Fuel Mixing Distance on

Blowout and Combustion Efficiency

Blowout. - As shown in figures 10 and 11, the lean blowout fuel-air ratio appeared .
somewhat insensitive to changes in the inlet temperature. Increasing inlet temperature
from 920 to 1-255 K (1200»0 to-1800° F) had no discernible influence on the lean blowout
limit for the circular array. Although blowout literature-does not fully explain the in-
sensitivity of lean blowout limit to large changes in inlet temperature, an afterburner
blowout correlation (ref. 3) does show only small lean-limit changes in fuel-air ratio
for the range of inlet temperatures of the present investigation. For example, the ref- -
erence 3 blowout prediction would be 0.03 for an inlet temperature of 920 K (12000 F)
and 0.02_'7‘for‘ an inlet temperature of 1255 K (1800° F). (The referenced correlation
was bésed ona uniform, premixed, vaporized fuel-air mixture at entry into the flame-
holder plane.)

Blowout occurred at lower values of fuel-air ratio for the closely spaced injector-
flameholder combinations than for the larger spacings. The blowout fuel-air rat1o for
the circular arrays increased from a value of 0.012 for the small spacing to a value of
0.018 for the large spacing. While the amount of blowout data for the parallel V-gutters.
was m1mma1 lean blowout fuel-a1r ratios were similarly lowered by decreasmg spacing
(fig. 11). . : .

Combustion eff1c1ency - Effect_s of inlet temperature and fuel mixing distance on
combustion are shown in figure 14. These data are for parallel arrays and are replots




of figure 11. Results for circular arrays also show the same trends. Combustion effi-
ciency increased as the inlet temperature was increased from 920 to 1255 K (120010 to
1800° F). Near the 1255 K (1800° F) value, efficiency was near 100 percent and was
insensitive to changes in the inlet temperature value. For the three fuel-air ratios ex-
amined, the smaller spacing always yielded the higher efficiency value. Efficiency dif-
ferences, resulting from spacing changes, were greatest at a fuel-air ratio of 0.02 and
progressively decreased as the fuel-air ratio increased.

Effect of Inlet Velocity Profile on Performance

For engines, the afterburner inlet velocity profiles become distorted within the dif-
fuser. The extent by which a velocity profile change would influence the previous com-
parisons may be inferred by examining circular v-gutter performance for both lobed and
flat profiles. Performance results for a flat velocity profile are presented in figure 15.
The data of figures 10 and 15 are replotted in figure 16. Figure 16 shows the effect of
profile shape on combustion efficiency to be incbnsequential. Combustion efficiency dif-
ferences are usually less than 2 percent, and the maximum efficiency values differ by
no more than 2 percent. Overall, the maximum efficiency difference is 4 percent and
occurs at the highest inlet temperature and at a fuel-air ratio of 0.05. In this region,
however, data error is of comparable magnitude.

All blowouts with the 12, 7-centimeter (5-in.) spacing, shown in figure 16(a), oc~
curred near a fuel-air ratio of 0.012. With the larger injector -to-flameholder spacing
(fig. 16(b)), blowout generally shifted to-a value of 0.018. The largest effect of profile
on blowout occurs with the larger spacing, where the flat profile produced a very lean,
unaccounted-for blowout (fig. 16(b)).

The lobed profile, with its high-velocity core, was expected to produce blowout on
the inner gutter. To the contrary, blowouts at an inlet temperature of 920 K (1200° F)
for both profiles occurred on the outer gutter. Possibly the high-velocity core kept the
fuel from spreading laterally, thereby concentrating fuel on the inner gutter. At an in-
let temperature of 1090 K (1500° F), blowouts did occur on the inner gutter.

In summary, only very small effects on combustion performance could be detected
for the two inlet velocity profiles.

SUMMARY OF RESULTS

Performance of two types of afterburner arrays, a parallel and a circular design,
were tested at inlet temperatures of 920, 1090, and 1255 K (1200°, 1500°, and 1800° F).
Also examined were fuel-spraybar -to - V-gutter spacings of 12.7 and 25. 4 centimeters
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(5 and 10 in.). Inlet velocity and pressure were 150 meters per second (500 ft/sec) and
1 atmosphere, respectively. Combustor length was fixed at 92 centimeters (36 in.) and
gutter width was 3. 8 centimeters (1.5 in.). A fuel-air ratio span of 0.008 to 0.065 was
investigated. The results were as follows:

1. The applicability of using parallel arrays to represent circular arrays was
demonstrated by the following results which apply equally to both arrays:

a. Combustion efficiency increased as afterburner inlet temperature increased.
In the vicinity of 1255 K (180()0 F) the efficiency was near 100 percent and was insensi-
tive to changes in the inlet temperature value.

b. The smaller of the two injector-to-flameholder spacings always yielded the
higher combustion efficiency values at fuel-air ratios to 0.04. Efficiency differences,
as a result of spacing, were greatest in the vicinity of a fuel-air ratio of 0.02. These
differences decreased as the fuel-air ratio was increased.

’ c¢. Lean blowout fuel-air ratio appeared insensitive to changes of inlet tem-
perature.

d. Lean blowout fuel-air ratio decreased noticeably for a decrease in injector -
to-flameholder spacing.

e. Durability was good. There was no observed gutter damage. At the high-
est inlet temperature, both the circular and parallel spraybars were subject to clogging
at very low fuel-flow rates.

2. The circular arrays provided higher combustion efficiency than did the parallel
arrays. At the two higher inlet temperatures the difference was usually 0 to 3 percent.
At the lowest inlet temperature the difference was usually 2 to 6 percent. These differ-
ences were attributed to the smaller lateral spacing of the circular arrays (greater pro-
jected blocked area).

3. The parallel arrays generally provided leaner blowout fuel-air ratios than did the
. circular arrays. This was attributed to the greater area blockage of the circular
arrays, which produced higher flameholder lip velocities. '

4. Except for the problem of fuel injector overheating, the afterburner accommo-
dated inlet temperatures of 1255 K (1800° F) without difficulty. Also, performance as
measured was found insensitive to rather wide excursions of inlet velocity profile.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, January 3, 1973,
501-24.
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.APPENDIX A

“"CALCULATION OF FUEL-AIR RATIO AND COMBUSTION EFFICIENCY

This appendix, except for minor changes, was obtained from reference 1. The
preheater fuel-air ratio f h and the afterburner fuel-air ratio fab are calculated by
dividing the respective fuel-flow rate by the total airflow rate.

This afterburner fuel-air ratio (unburned) is defined as

Wit = (W onlpn/100)

Fuel-air ratio (unburned) = -
o , B . <wf ph”ph/1°°>
W, o\

0.067
where
Wy total fuel-flow rate to both preheater and afterburner, kg/sec (lb/sec)
Wi oh preheater fuel-flow rate, kg/sec (lb/sec)
nph preheater combustion efficiency, percent
W, total airflow rate, kg/sec (lb/sec)

The terms fph and fab are used in the calculation of combustion efficiency. The ‘
afterburner fuel-air ratio (unburned) is used only in the discussion and presentation of
data. .

Combustion efficiency is defined as the ratio of the heat output of the afterburner to
the chemical energy of all fuel entering the afterburner. The heat output (Ah o’ J/kg
(Btu/1b)) is equal to

Aho=Ahp+Ahw+ql

where
A_hp change in enthalpy of afterburner propellant fluids (fuel, air, and combustion
‘products), J /kg (Btu/1b)
Ah W change in enthalpy of water used to quench afterburner exhaust gases, J/kg
: (Btu/1b)
q; "~ heat losses from system, J/kg (Btu/lb)

12



In the calculation of Ahp, combustion-in both the preheater and the afterburner is
assumed to occur at a reference temperature of 298 K (53'70 R), and the products of
combustion are assumed to be CO2 and HZO in the gaseous phase. -The enthalpy
(hm, J/kg (Btu/lb)) of a leaner-than-stoichiometric burned mixture of fuel and air may

be expressed (ref. 8) as ‘ » B
. b
' h =]|h +f (M)
m a m+ 1 T

r

. T . . '
where, for example [ha] b is used to mean ''the value of ha at Tb minus the value of
r

ha at Tr," and where

ha enthalpy of air, J/kg (Btu/lb)
f fuel-air ratio
Tr reference temperature equal to 298 K (537° R)
T,, total temperature of burned mixturé, K °R)
m hydrogen-carbon ratio of fuel
- H 21
. “HeO. 0
2.016
12.010
and

H molal enthalpy, J/mole (Btu/mole)

The term (Am + B)/(m + 1) accounts for the difference between the enthalpy of the carbon
dioxide and water vapor in the burned mixture.and the enthalpy of the oxygen removed
from the air by their formation. o i .
The expression for hm may be used to determine the enthalpy of the gases entering
the afterburner from the preheater, as well as the enthalpy of the afterburner combus-
tion products. However, prior to expressing Ah_ in terms of hrﬁ’ We should bear in
mind that (1) the combustion efficiency of the preheater is explicitly defined in appen-




dix B, (2) the sensible enthalpy of the unburned gasoline entering the afterburner from

the preheater is considered negligible, and (3) the enthalpy of the ASTM A -1

fuel is zero

since this fuel is assumed to enter the afterburner at the reference temperature.

Finally, the change in enthalpy of the afterburner propellant fluids becomes

T T.
bal in
Ah_h+thS+B +fbAr+B -h+thS+B
p a Pl\s+1 A\ r+1 a P g1
T T
r r
AT
_ As + B bal Ar + B
={h, +f h fab
a P\ g41 T r+1
in
where
fph fuel-air ratio of preheater
s hydrogen-carbon ratio of preheater fuel
fab fuel-air ratio of afterburner
r hydrogen-carbon ratio of afterburner fuel
Tbal total temperature at enthalpy balance plane, K (°R)
in total temperature at afterburner inlet, K (°R)

T
W bal

=1_4
Ahw = — hW

w
a |7

w,in

where

Yy quench-water flow rate, kg/sec (Ib/sec)

w, airflow rate, kg/sec (lb/sec)

h enthalpy of water, J/kg (Btu/1b)

Tw in temperature of quench water entering afterburner, K (°R)
b

14
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The change in enthalpy of the quench water AhW was computed by assuming that no
liquid water is present at the enthalpy balance plane. The expression is as follows




The heat losses from the system q consist of the energy removed by the two inde-
pendent water jacket systems and by radiation from the enthalpy balance tube. The heat
losses are expressed as

2
Y ¢ 4 2 ‘ w
_ _ cw,n
9 = W w. (Tbal) * W ’ (Tcw,out,n - Tcw,in,n)
a a a
n=1
where
Ql total heat loss, J/sec (Btu/sec)
Wow cooling-water flow rate, kg/sec (lb/sec)
T, w, out cooling -water outlet temperature, K (°R)
Tew. in cooling -water inlet temperature, K (°R)
C empirical radiation heat-transfer constant, 2. 13x1077 J /sec K*

(1.92x10~1! Btu/sec °R%

The expression for the total heat output is now

T
T T bal
bal bal [w
Sh, = [hy +1 (AS”B) + fab<Ar+B> Ly

a " ph s+1 T r+1 T Wa w
-~ 7in r TW in
’
2
£ gty Sewnp =T )
W bal W cw,out,n cw,in,n
a n=1 a .

The expression for the chemical energy (hc’ J/kg (Btu/1b)) of all fuel entering the
afterburner includes the unburned fuel entering the afterburner from the preheater and
is written as

n
= {1 -2ph
hc <1 100> fphhlv,ph + fabhlv,ab

15



where
Uph
by, ph

hlv, ab

combustion efficiency of preheater, percent
lower heating value of preheater fuelat T, J /Kg (Btu/lb)-
' lower heating value of afterburner fuel at T., J /kg (Btu/1b)

Now, the combustion efficiency, obtained by dividing the heat output of the after-
burner Aho by the chemical energy of the available fuel h - is

Combustion efficiency =ﬁ

Tbal

fb<Ar+B)
a
r+1 T

in r

* faphy, ab

Thal \
- C
+—= (Typqy) )

Va

(T

Yew,n
3
+ Tew,in,n
w
a

n=1

cw,out,n”

__ph
1 m fphhlv, ph* fabhlv, ab

x 100

The thermodynamic values used inthe calculation of combustion efficiency are

Hydrogen-carbon ratio of the afterburner fuel, r
Hydrogen-carbon ratio of the preheater fuel, s
Lower heating value of preheater fuelat T, hlv, ph J/kg (Btu/lb) . .
Lower heating value of afterburner fuel at T,, h v,ab’ J/kg (Btu/lb) . .

16
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. 43 920 (18 900)
43 230 (18 600)




APPENDIX B

OPERATING CHARACTRRISTICS OF TEST APPARATUS
General

The gases should be carefully conditioned at the inlet and again at the outlet of the
afterburner combustion chamber. The behavior of the components that did this condi-
tioning was examined and is described herein. Also, time response of the test appara-
tus is discussed.

Quality of Afterburner Inlet Flow

Three important properties of the gas flow field entering the afterburner are (1) the
combustion efficiency of the vitiating preheater, (2) the gas temperature profile, and
(3) the gas velocity profile.

The preheater combustion efficiency was measured by several means. The
40 thermocouples (fig. 9) located as shown in figure 2 provided the basic measuring
technique; however, on several occasions, an analysis of the composition of the pre-
heater exhaust gases was used to substantiate the thermocouple-determined efficiency.
The combustion efficiency data were fit by the equation

15 - 803f + 15 120£2

\2
1.86(-L\ -0.86(—L-
560 560

100 -

where

f fuel-air ratio

T  inlet-air temperature, °r

The equation, applicable for flow cenditions that correspond to afterburner -inlet pres-
sure of 1 atmosphere and velocity of 150 meters per second (500 ft/sec), respectively,
is plotted in figure 17. The preheater combustion efficiency used in the calculations
was taken to be 97 percent at test condition A, 97. 8 percent at test condition B, and
98.4 percent at test condition C.

The fuel nozzles were unmodified. Each can contained a cluster of six nozzle units,
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as shown in figure 3. In turn, each nozzle unit contained two concentric nozzles: an
inner primary (fine spray) and an outer secondary (coarse spray). Fuel nozzle mani-
folding permitted separate flow control for the two sets of sprays. When the nozzle
pressure was sufficient to permit the formation of a cone spray, the combustion effi-
ciency was unaffected by the flow split between primary and secondary nozzles. At the
450 K (350° F) preheater inlet-air temperature, the nozzles remained clean and hence
the temperature profile data typified by figure 18 remained invariant throughout the
project.

Inlet Mach number profiles obtained at the fuel injector plane (fig. 5) for test condi-
tion A are presented in figure 19. The lobed profile (fig. 19(b)) was obtained without
baffles, and the flat profile (fig. 19(a)) was obtained with the baffle shown in figure 5.
The velocity data were obtained with a pitot-static array located at the sites shown in
figure 19. Since the profile is dependent on the nature of the flameholder blockage, a
dummy flameholder consisting of a set of parallel V-gutters was located 12.7 centi-
meters (5 in.) downstream of the pressure sensing array.

Quench of Afterburner Exhaust Flow

The flame quench and enthalpy balance system are closely related. The quench sys-
tem must stop the flame at a well-defined plane normal to the flow. Otherwise, com-
bustor length would be vague and combustion efficiency values meaningless. At the exit -
of the calorimeter, all water from the Quench and combustion products must be vaporized
in order that the proper value of fluid enthalpy can be assigned. Nor can the enthalpy of
the exiting fluid be defined accurately unless the temperature is properly measured.

Flame quenching provided by the spray head (fig. 6) was judged to be satisfactory.
The vanes (fig. 2) provided the mixing required to vaporize all the water. However,
experience showed complete vaporization was not assured unless the average exit tem-
perature was in excess of 700 K (8000 F). The error in combustion efficiency resulting
from too much water (too small a value of exhaust temperature) can be illustrated with
the aid of figure 20. The data shown are for a fixed value of the afterburner operating
conditions. Only the quench-water flow rate was varied. An increase in water flow rate
that decreased the average temperature from 855 to 655 K (1080° to 720° F) caused no
change in the computed value of combustion efficiency, 96.5 percent; however, a further
decrease of like amount resulted in an efficiency decrease of 11 percentage units. The
source of the observed error is the presence of liquid water. When the local stream
temperature is a trifle too cool, small amounts of water do not have time to evaporate.
The liquid impinges on the associated thermocouple and chills it. Chilling is shown in
figure 21. Each of the three bar charts presents the individual thermocouple values that
were arithmetically averaged to obtain the calorimeter exit-plane temperature. The
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three data sets correspond to the three marked data points forming the knee of the data
curve of figure 20. For data set 3646, no liquid water is present; however, for data set
3647, sufficient liquid exists to drastically chill one thermocouple (as shown in fig. 21(b))
and to force downward the computed value of combustion efficiency. The next data set
(3648) represents a further addition of quench water. Three couples are shown in fig-
ure 21(c) to be severely chilled and the computed value of efficiency undergoes a further
decline.

On the other hand, whenever the gases at the calorimeter exit plane become too hot,
either locally or as an average, the casing walls would tend to warp. A number of
studies indicated that neither hardware damage nor combustion efficiency error due to
liquid water would occur provided (1) the average gas temperature at the calorimeter
exit was kept within bounds of 700 to 870 K (8000 to 1100° F); (2) the minimum permis-
sible, individual thermocouple temperature was in excess of 610 K (640° F); and (3) the
pipe temperature of the enthalpy balance casing at the exit plane was maintained at tem-
peratures above 560 K (5500 F). In order to attain the necessary control of the gas
temperature profile, the three sets of quench-water sprays described in the section
APPARATUS were utilized to the utmost.

The other important reason for striving towards a uniform temperature profile was
to obtain reliable values of average gas temperature for use in the calculations. Ideally,
a warped profile should be mass-weighted in order to obtain the proper temperature
value. However, gas exit temperature was measured as an arithmetic average of the
individual thermocouple readings. The resulting effect on combustion efficiency values
was examined. A typical spread of individual thermocouple values is shown in figure
21(a). A shift in profile (obtained by rerouting the quench water from one set of sprays
to another) showed little or no effect on the combustion efficiency value, provided the
temperature restraints of the preceding discussion were adhered to. Further evidence
that the temperature-averaging technique was satisfactory is demonstrated in figure 20.
Therein, and in all other cases examined, a plateau exists where combustion efficiency
is invariant for a range of gas temperatures, although the spread of the temperature pro-
file changes with a change in average temperature.

Time Response

Because of thermal lag, the calorimeter technique of obtaining combustion efficiency
data is assumed to be a time-consuming process. However, the present apparatus per-
mitted data to be taken in a relativelv rapid manner. The time interval between data
sets was approximately 3 minutes for data being taken as described in the section
PROCEDURE. Namely, once a given afterburner inlet condition had been established,
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the test crew manipulated only the afterburner fuel, water-quench, and combustor-
pressure valves when changing from one set point to another.

Figures 22 and 23 illustrate the time response of the apparatus to step changes in
the control settings. Figure 22 shows the response for a modest step change in quench-
water flow rate (fuel flow rate held constant). Approximately 6 minutes were required
for the apparatus to establish a new equilibrium value of pipe temperature. However,
the computed value of combustion efficiency is shown to restore itself within a period of
2 minutes. Figure 23 illustrates step changes that were made in fuel-air ratio (fuel
flow rate) at all three inlet temperatures. For these experiments, the quench-water
flow rates were adjusted in order to keep calorimeter-exit and pipe-exit temperatures
unchanged from selected preset values. Although the fuel-air ratio changes produced
significant changes in the values of combustion efficiency, the new efficiency values
were arrived at so rapidly that a transition curve could not be faired through the data.
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APPENDIX C

COMBUSTION EFFICIENCY ERROR
Probable Error

In order to estimate the accuracy of combustion efficiency values obtained by the
calorimeter technique, a numerical study of probable combustion efficiency error was
undertaken. The approach used was to start with a set of actual performance program
input data. The data set was submitted repeatédly as input to the performance analysis
program. With each input, however, one of the parameters affecting combustion effi-
ciency was assigned a 1-percent increase from its original value. All other parameters
were left unaltered. From the computed results the error in combustion efficiency due
to a l-percent error in the parameter could be obtained. The aforementioned approach
was applied to three sets of performance program input data and the results are pre-
sented in table I. The three data sets are for a fuel-air ratio of 0.03 at an inlet temper -
ature of 920 K (12000 F) and for fuel-air ratios of 0.015 and 0.03 at an inlet tempera-
ture of 1255 K (18000 F). For each data set, table I lists the unaltered value of the
parameter, immediately followed by the value of the error in combustion efficiency.

To arrive at a probable efficiency error due to the combined effect of all parame-
ters, a statistical error formula was used:

1/2
N /
2
An.
An = T (AXi)2
AXi -
i=1
where
Aq probable error (30 variation of combustion efficiency )
Ani/Axi error in combustion efficiency 71 caused by a 1-percent error in
parameter Xi (see table I)
AXi 30 variation of parameter Xi (see table I)
N number of parameters (7)

The quantity AXi is the authors’ estimate of the probable error of each parameter.
The value AXj is shown in the right-most column of table I and is assumed to apply
equally to all three data sets. Finally, the probable error in combustion efficiency for
the three sets of data are as follows:
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Data set Combustion
efficiency,
A7,
percent
Inlet temperature, 920 K (1200° F); 3.1
fuel air ratio, 0.030
Inlet temperature, 1255 K (1800° F): 4.2
fuel air ratio, 0.030
Inlet temperature, 1255 K (1800° F); 6.8
fuel-air ratio, 0.015

These results provide a warning that combustion efficiency comparisons discussed in the
body of the report should not be of hair-splitting detail. Also, the table I data show
those factors that promote significant error and where the larger values of error would
be expected to occur in the test results of figures 10, 11, and 15.

Dissociation Effects

The combustion efficiency values as compufed are very likely too small under cer-
tain circumstances. The equation assumes the combustion products leaving the calorim-
eter were carbon dioxide and water vapor. However, at near-stoichiometric fuel-air
ratios some of the gases entering the water-quench plane were dissociated. The water
spray cooled the gases rapidly, probably freezing the composition at the high-
temperature equilibrium level (ref. 9). The dissociation enthalpy, therefore, was
not recovered as measurable sensible enthalpy as the products cooled. Conceivably,
this unrecovered enthalpy could have penalized the combustion efficiency data by 10 per-
cent in the most severe instance - afterburner at stoichiometric mixture and preheater
at 1255 K (18000 F). The foregoing argument is supported by the calculation of carbon
monoxide oxidation rates discussed in reference 10.
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Figure 1. - Schematic diagram of afterburner test facility.
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Figure 2. - Diagram of test apparatus.
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Figure 4. - Mixers mounted on bulkhead.
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Figure 5. - Cross-sectional view of afterburner test section. Dimensions are in centimeters (in. ).
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Figure 6. - Flame-quenching water spray head viewed looking downstream.
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AN
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Figure 7. - Circular V-gutter assembly. Dimensions are in centimeters (in.).
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Figure 8. - Parallel V-gutter assembly.
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Figure 11. - Combustion performance of parallel V-gutters. Lobed velocity pro-
file; average velocity, 150 meters per second (500 ft/sec); ‘inlet static pressure,
) 1 atmosphere.
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Figure 12. - Combustion efficiency comparison of parallel and circular V-gutters.
Data curves are from figures 10 and 11.
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Figure 17. - Combustion efficiency of vitiated preheater.
Fuel, clear gasoline. Conditions correspond to
afterburner-iniet static pressure and velocity of
1 atmosphere and 150 meters per second (500 ft/sec),
respectively.
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Figure 18. - Temperature pattern (in kelvin) obtained at afterburner
inlet thermocouple plane of figure 2. Afterburner infet velocity,
150 meters per second (500 ft/sec); afterburner inlet static pres-
sure, 1atmosphere; preheater inlet temperature, 450 X (350° F);
preheater fuel-air ratio, 0.0187. Dashed circles enclose temper-
ature values that deviate by more than 30 kelvin from the average
temperature, 1140 K (1592° F).
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(a) Flat profile. Baffle in place. (b) Lobed profile. No baffle.

Figure 19. - Mach number profiles obtained at fuel-injector plane of flameholder casing. Test con-
dition A; average Mach number computed from gas flow rate, 0. 275.
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Figure 20. - Effect of gas temperature at calorimeter exit plane on computed
value of combustion efficiency. Parallel V-gutters; test condition B;
afterburner fuel-air ratio (unburned), 0.03.
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Figure 23. - Response of apparatus to a step change in afterburner

fuel-air ratio.
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