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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

RESEARCH MEMORANDUM 

ALTITUDE PERFORMANCE INVESTIGATION OF TWO FLAME-HOLDER AND 

FUEL-SYSTEM CONFIGURATIONS IN SHORT AFTERBURNER 

By S. C. Huntley and H. D. Wilsted 

SUMMARY 

During an investigation in an altitude chamber, the altitude per
formance characteristics of two dissimilar flame-holder and fuel
system configurations were evaluated in a short afterburner. One con
figuration had a double annular V-gutter flame holder with fuel inje~
tors located several inches upstream. The other had a double annular 
H-gutter flame holder and an additional annular V-gutter located a few 
inches downstream with the fuel injectors located immediately upstream 
of the H-gutter flame holder. 

The altitude operating limits and the altitude performance of the 
V- gutter configuration were superior to those of the H-gQtter configu
ration. At a Mach number of 0. 6, the altitude limit of the V-gutter 
configuratiQn was 50,000 feet as compared with 42,000 feet for the 
H- gutter configuration. The combustion efficiency was appreciably 
better for the V-gutter configuration; for example, at an altitude of 
30,000 feet, the combustion efficiency at limiting turbi ne-outlet tem
perature was 74 percent for the V-gutter configuration as compared with 
61 percent for the H-gutter configuration. As soon as fuel was introduced 
into the burner , spontaneous ignition was obtained with the V-gutter con
figuration to the maximum altitude at which ignition was attempted, 
45,000 feet. Ignition of the H-gutter configuration re~uired the use of 
a torch igniter . 

INTRODUCTION 

An investigation was conducted in an altitude chamber at the 
NACA Lewis laboratory to obtain a flame-holder and fuel-system configu
ration which would operate at high altitude in a short afterburner on 
an axial-flow turbojet engine. The afterburner shell used for this 
investigation was a production model furnished by the engine 
manufacturer. 
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The first part of the investigation was a brief evaluation of sev
eral types of flame-holder and fuel-injection systems (reference l) to 
obtain an afterburner configuration that would meet the engine manu
facturer's requirements for efficient operation at altitudes to at 
least 40}000 feet. 

The configurations investigated could be separated into two dis
tinct types: One type had a double-annular H-gutter type flame holder 
with a v-type gutter mounted several inches downstream. The fuel
injection system was mounted immediately upstream of the H-gutter flame 
holder and} therefore} did not provide a practical mixing length for 
evaporation of fuel and mixing of fuel and air. The other type con
sisted of a double-annular V-gutter type flame holder with the fuel
injection manifold located several inches upstream to provide a mixing 
length to evaporate the fuel and obtain additional mixing of fuel and 
air. 

For the second phase of the investigation} one of the most prom
ising configurations of each type was selected for further evaluation 
over a range of flight Mach numbers as well as altitude. In this 
phase of the program} the requirements were that satisfactory operation 
be obtained to an altitude of at least 50}000 feet. 

The results of this complete evaluation of the altitude perform
ance and operational characteristics of the two types of flame-holder 
and fuel-system configurations are reported herein. Operational limits 
of each configuration were determined for a wide range of simulated 
flight conditions and the performance characteristics were obtained at 
various altitudes for the complete operable range of afterburner fuel
air ratios. Comparative data are presented to show the performance 
variations with altitude at a flight Mach number of 0.6. Data are also 
presented to show the performance variation with flight Mach number of 
each configuration at the highest altitude where a reasonably wide 
range of afterburner fuel-air ratio could be obtained. The starting 
limits of both configurations at a flight Mach number of 0.6 are also 
discussed. 

APPARATUS 

Engine 

An axial-flow-type turbojet engine with an afterburner was used 
in this investigation. With the afterburner inoperative} the engine 
has a static sea-level dry-thrust rating of 5100 pounds at rated engine 
speed} 7900 rpm} and at a turbine-outlet temperature of l3000 F. At 
this operating condition} the air flow is approximately 86 pounds per 
second and the fuel flow is 5740 pounds per hour. The over-all length 
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of the engine is approximately 195 inches and the maximum diameter is 
43 inches. The main components of the engine are an ll-stage axial
flow compressor, eight cylindrical through-flow combustors, a single
stage turbine, and an afterburner. 

Installation 

The engine was installed in an altitude chamber as shown in fig
ure 1. The altitude chamber is 10 feet in diameter and 60 feet long. 
A honeycomb is installed in the chamber upstream of the test section 
to provide smooth flow of the inlet air. The forward baffle separates 
the inlet air from the exhaust and provides a means of maintaining a 
pressure difference across the engine. A 14-inch butterfly valve, 
installed in the forward baffle, was used to provide cooling air for 
the engine compartment. The rear baffle acts as a radiation shield 
and pr~vents the recirculation of exhaust gases about the engine. The 
exhaust gas from the jet nozzle was discharged into an exhaust diffuser. 
The pressure rise in this diffuser assisted in simulating an altitude 
pressure in the test section. Combustion in the afterburner was 
observed through a periscope located in the exhaust duct behind the 
engine. 

Afterburner 

A drawing Qf the afterburner assembly including the inlet diffuser 
is shown in figure 2 with a typical flame-holder and fuel-injection 
system installed. The afterburner had an inlet diameter of 31 inches 
and an over-all length including the variable-area exhaust nozzle of 

1 472 inches, giving a length-diameter ratio of only 1.53. The variable-

area nozzle was a two-position clamshell-type nozzle. During after
burning, the exhaust nozzle was in the open position and the area was 
approximately 357 square inches . In the closed pOSition, the exhaust
nozzle area was adjusted to give rated turbine - outlet temperature at rated 
engine speed. Fuel was supplied to the afterburner by an air-turbine 
fuel pump which was driven by air bled from the compressor outlet. 

Cooling of the burner section was accomplished by an ejector 
cooling shroud. The exhaust jet discharging through this shroud induced 
a flow of cooling air over the burner shell. The air entered the cool
ing shroud from the test section of the altitude chamber at approxi
mately the simulated altitude ambient pressure and at a temperature of 
approximately 1000 F . 
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Configurations 

The installat ions of the two configurations used in this investiga
tion are shown in figure 3. The H-gutter flame holder with a trailing 
V-gutter and the close-coupled fuel system are designated as configura
tion A. The V-gutter flame holder with the upstream fuel system is 
designated configuration B. 

Configuration A. - The flame holder of configuration A consisted 
of two annular H-sections connected by eight radial H sections with a 
trailing V-section. Critical dimensions of the flame holder are shown 
in figure 3(a). Orifices in the cross member of the H sections metered 
fuel and air to the sheltered zone of the gutters. The fuel-injection 
manifold consisted of three concentric rings connected by four radial 
tubes. Also, the two outer rings were connected by 12 additional tubes. 
Fuel orifices were located in the rings and connecting tubes to provide 
injection in an upstream direction but at an angle to the gas flow. 
The location of the fuel orifices is shown in figure 4(a). 

Configuration B. - The flame holder consisted of two annular, 
staggered V-sections with six radial interconnecting V-sections. Dimen
sions of the flame holder are shown in figure 3(b). The fuel-injection 
manifold consisted of 12 radial tubes connected by an outer and an 
inner ring. Fuel orifices were located in the radial tubes only and 
placed to provide a uniform radial distribution of fuel (see fig. 4(b)). 

Ignition system. - The same afterburner ignition system was pro
vided for both configurations. Ignition was provided by a momentary 
increase in fuel flow to one of the engine combustors (see reference 2). 
This excess fuel in one combustor caused a burst of flame through the 
turbine and ignition in the afterburner. 

Instrumentation 

Pressures and temperatures were measured at stations throughout 
the engine and afterburner (fig. l(b)). Compressor air flow was determined 
by the use of survey rakes mounted at the engine inlet, station 1. 
Instrumentation was installed for measuring both the engine midframe air
bleed and the air bled from the compressor outlet that was used to 
drive the air turbine of the afterburner fuel pump. These air flows 
were subtracted from the compressor air flow to obtain the afterburner 
air flow. Afterburner-inlet total pressure and temperature were deter
mined from a survey at the turbine outlet (station 5, fig. 5(a)). 
Static-pressure measurements were obtained with three wall orifices 
located at the burner inlet (station 6, fig . l(b)). Total pressures 
were measured at the exhaust-nozzle inlet with a water-cooled survey 
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rake (station 7, fig. 5(b)). Ambient pressure in the region of the 
exhaust-nozzle outlet was determined by static probes in the plane of 
the nozzle exit (station 8) and altitude pressure by static probes in 
the plane of the shroud exit (station 0). Engine and afterburner fuel 
flows were measured by calibrated rotameters. 

Procedure 

5 

The altitude operational limits of each configuration were deter
mined for a range of flight Mach numbers from 0.4 to 1.0. The minimum 
fuel flow at each flight condition was determined by imminent blow-out 
and the maximum fuel flow was determined by either rated turbine-outlet 
temperature or rich blow-out. The maximum operable altitude was deter
mined by increasing altitude and holding the fuel flow and the flight 
Mach number constant until blow-out occurred. 

Performance data were obtained for altitudes from 10,000 to 
45,000 feet for a flight Mach number of 0.6 with both configurations. 
Also, performance data were obtained for flight Mach numbers of 0.4 
to 1.0 at an altitude of 30,000 feet with configuration A and at an 
altitude of 40,000 feet with configuration B. Performance data at each 
flight condition were obtained at several afterburner fuel flows at 
rated engine speed. 

Starting data were obtained at a flight Mach number of 0.6. The 
starting technique consisted in supplying fuel to the afterburner with 
the exhaust nozzle in the closed position. If autoignition was 
obtained, the jet nozzle was opened to the afterburning position. If 
autoignition was not obtained, the torch fuel flow was turned qn for a 
period not exceeding 2 seconds. When ignition took place, the jet noz
zle was quickly opened and the torch fuel flow was shut off. After
burner ignition was investigated over the operable fuel-air ratio range 
of the afterburner by presetting fuel flows to those corresponding to 
the steady-state afterburner operation. 

The engine-inlet air for each flight condition was supplied at the 
total temperature and total pressure corresponding to NACA standard 
atmospheric conditions; lOO-percent ram-pressure recovery at the engine 
inlet was assumed. The symbols used in this report and the methods 
used to compute the performance parameters are presented in the 
appendix. 

Two fuel-air ratios are defined and used in computing and present
ing the results of the investigation: 

(1) The afterburner fuel-air ratio (f/a)t is defined as the 

ratio of the afterburner fuel flow to the engine air flow (air flow 
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entering compressor minus air bled from compressor). This fuel-air 
ratio was used when only the flight condition , the engine speed, and 
the afterburner fuel flow were recorded. The air flow values were 
taken from the engine air-flow calibration curves. 

(2) The unburned-air afterburner fuel-air ratio (f/a)ua is 
defined as the ratio of the afterburner fuel flow to the unburned air 
flow entering the afterburner (engine air flow minus the air burned in 
the engine). This fuel-air ratio was used when complete performance 
data were recorded. 

The fuel used in this investigation was MIL-F-5624A, grade JP-3, 
having a lower heating value of l8,680 Btu per pound and a hydrogen
carbon ratio of 0.l72. 

RESULTS AND DISCUSSION 

Operational Limits 

The afterburner operable range of fuel-air ratios is shown for 
both configurations in figure 6 as a function of altitude for flight 
Mach numbers from 0.4 to l.O. For both configurations at a flight Mach 
number of 0. 6, minimum and maximum fuel-air ratios increased with alti
tude resulting in no great change in operable range of fuel-air ratio 
except near the altitude limits where they converged. The data indi
cate that the trends would be the same for ot her flight Mach numbers. 
During the determination of the maximum altitude limits, complete data 
were not obtained and it was quite possible to exceed the rated turbine
outlet temperature. The rated turbine-outlet -temperature lines were 
based on subsequent performance data. 

As the fuel-air ratio increased near limiting altitudes for con
figuration A, a rich blow-out occurred before rated turbine-outlet 
temperature was reached (fig. 6(a)). Conversely, with configuration B, 
the maximum fUel-air-ratio operable limit was generally established not 
by blow-out but when the maximum allowable turbine-outlet temperature 
was reached (fig. 6(b)). 

The effect of increasing flight Mach number on the operational 
l imits of the two configurations is shown in figure 6 as a general 
upward shift in the altitude operational limit. The variation of alti
t ude limit with increasing flight Mach number is shown in figure 7(a). 
The maximum operable altitude of both configurations increased at about 
the same rate with flight Mach number but that of configuration B was 
6000 to 9000 feet higher than that of configuration A. At a flight 
Mach number of 0. 6 , the altitude limits were about 42,000 and 
50,000 feet for configurations A and B, respectively. The variation of 
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fuel-air-ratio limit with increasing flight Mach number at an altitude 
of 40,000 feet is shown in figure 7(b). Configuration A would not 
operate below a flight Mach number of 0.5, and the operable range of 
fuel-air ratiO, which was limited by blow-out, increased with flight 
Mach number. The operable range of fuel-air ratio for configuration B 
was about the same over the range of flight Mach numbers investigated. 
The decrease in fuel-air ratio of configuration B with increasing 
flight Mach number is a result of increasing combustion efficiency. 
Also, the lower operating fuel-air ratios for configuration B result 
from higher combustion efficiency. The leaner fuel-air ratios and 
higher operating limits of configuration B indicate the combined advan
tage of uniform circumferential fuel distribution, greater mixing 
length between fuel injection station and flame holders, and V-gutter 
instead of H-gutter flame holders. 

Performance Characteristics 

Effect of altitude. - The performance data are presented in table I 
and are shown graphically in figures 8 to l2 for a flight Mach number 
of 0.6, rated engine sp~ed, and several altitudes. The variation in 
afterburner-inlet conditions with afterburner fuel-air ratio is pre
sented in figure 8. The fuel-air ratio used here is based on the 
unburned air available at the afterburner inlet as defined in the Pro
cedure section. The turbine-outlet temperature and turbine-outlet pres
sure increased with increasing fuel-air ratiO, as expected for opera
tion with a constant-area jet nozzle. At a given fuel-air ratio, the 
turbine-outlet temperature and the turbine-outlet pressure decreased 
with increasing altitude approximately in proportion to the decrease 
in engine-inlet temperature and pressure. The burner-inlet velocity 
varied only slightly with fuel-air ratio, decreasing from about 400 feet 
per second to about 385 feet per second from the minimum to ~ 
operable fuel-air ratio. 

The variation of exhaust-gas total temperature and afterburner com
bustion efficiency with afterburner fuel-air ratio is shown in figure 9 
for the altitudes investigated. At a given fuel-air ratiO, the exhaust
gas total temperature decreased with increasing altitude primarily 
because of a decrease in afterburner combustion efficiency (fig. 9(b)) 
and to a lesser extent because of decreased turbine-outlet temperatures 
(fig. 8(b)). 

The rich fuel-air-ratio limit of operation, as determined by 
limiting turbine-outlet temperature (maximum thrust), occurred near the 
peak of the afterburner-efficiency curves at an altitude of lO,OOO feet. 
With increasing altitude, this rich limit for both configurations 
occurred at fuel-air ratios progressively greater than that for peak 
combustion efficiency. The combustion efficiencies at limiting 
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turbine-outlet temperature for configuration A were 81 percent at 
10,000 feet and 61 percent at 30,000 feet. The corresponding efficien
cies of configuration B were 88 and 74 percent, respectively. The 
effect of altitude on combustion efficiency is shown graphically in 
figure 10 for a flight Mach number of 0.6. Although both configurations 
show a rapid decrease in combustion efficiency with increasing altitude, 
configuration B had a 7 to 13 percent higher combustion efficiency than 
configuration A. 

Flame holders such as configuration B with uniform fuel distribu
tion were capable of operation at high altitude without decrease in 
~ burner efficiency (reference 1). The unexpected drop in maxi
mum efficiency at altitude for configuration B was probably due to a 
less uniform fuel distributiQn than was obtained with better configura
tions in reference 1. Because the fuel was injected 450 upstream 
instead of normal to the stream, there was less tendency to distribute 
fuel completely across the stream, especially at the lower fuel flows 
corresponding to the higher altitudes. 

The variation in net thrust and net thrust specific fuel consump
tion with altitude and fuel-air ratio is shown in figure 11 for both 
configurations. A cross plot of the net thrust at rated turbine-outlet 
temperatures is presented in figure 12(a} and is, of course, essentially 
equal for the two configurations. Because the rated turbine-outlet 
temperatures occurred at lower fuel-air ratio for configuration B than 
for configuration A, the net thrust specific fuel consumption 
(fig. 12(b)) was lQwer for configuration B. At an altitude of 
30,000 feet, the net thrust specific fuel consumption for configu
ration A was 2.62 whereas that of configuration B was 2.33. As alti
tude increased, an even greater advantage of configuration B was 
evident. 

Effect of flight Mach number. - The variation of afterburner per
formance at rated engine speed, with flight Mach number and fuel-air 
ratio, is shown in figures 13 to 17. Performance of configuration B 
was investigated at an altitude of 40}OOO feet and flight Mach numbers 
of 0.4} 0.6} 0.8, and 1.0. Later when the performance of configura
tion A was investigated} it was found that operation of the afterburner 
could not be obtained at any fuel-air ratio at a flight Mach number 
of 0.4 at 40}000-foot altitude and operation at a flight Mach number 
of 0.6 was possible only over a very limited range of fuel-air ratios 
(fig. 6). The performance calibration of configuration B was therefore 
conducted at 30}000 feet altitude. The data for the two configurations 
then represent the altitudes at which performance at flight Mach num
bers from 0.4 to 1.0 could be obtained over a range of fuel-air ratios 
with stable combustion. 
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The variation in afterburner-inlet conditions with f light Mach 
number and fuel-air ratio is presented in figure 13. The afterburner
inlet velocity (fig. 13(a)) is relatively unaffected by f light Mach 
number but shows the same small decrease with increasi ng fuel-air ratio 
previously di scussed. The turbine-outlet gas tempera ture (fig. 13(b)) 
and the turbine-outlet pressure (fig. 13(c)) increased wi th i ncreasing 
flight Mach number. This increase in turbine-outlet ga s t emperature 
and pressure i s not quite proportional to the increase in engine-inlet 
temperature and pressure with increasing flight Mach number because of 
a secondary effect due to compressor Reynolds number. 

The afterburner combustion effi ci ency and exhaust -ga s temperature 
are shown in figure 14. The increase in exhaust-gas temperature 
(fig. 14(a) ) with increasing fli ght Mach number results primarily from 
the increased combustion efficiency (fig. 14(b) ). The combus t ion effi
ciency rises with i ncreasing flight Mach number because of the increased 
burner-inlet pressure and temperature (fig. 13) . For bot h configura
tions, the maximum combustion effici ency for each flight Mach number 
investigated occurred at a fuel-air ratio of about 0.03 . The effect of 
flight Mach number on afterburner efficiency at rated t urbine-outlet 
temperature i s shown in figure 15 (a cros s plot of f ig . l4 (b» . At 
flight Mach numbers above 0.7, the afterburner efficiency of configu
ration B at 40,000 feet was about the same as t he afterburner effi
ciency of configuration A at 30,000 feet. Below a flight Mach number 
of 0.7, the sensitivity of configuration A to flight Mach number was 
far more pronounced than that of configuration B even with t he lower 
altitude advant age. 

The variation of over-all engine performance is pr e sented in fig
ure 16 as a functi on of afterburner fuel-air ratio for several f l ight 
Mach number s. Net thrust increased (fig. 16(a)) and ne t thrust spe
cific fuel consumpti on (fig. 16(b)) decreased slightly with increasing 
flight Mach number. The net thrust increased with increa s i ng f light 
Mach number primarily because of the accompanying higher air flows. 
The lowered specific fuel consumption with increasing fli ght Mach number 
resulted primarily f rom the higher cycle and combustion efficiencies. 
Figure 17 is a cross plot of the net thrust specific fuel consumption 
at limiting t urbine-outlet temperature. Although configurati on B was 
operated at the higher altitude (40,000 ft), it provided the l ower net 
thrust specific fuel consumption throughout the range of fli ght Mach 
numbers investigated. 

Ignition Characteristics 

As previously discussed, two methods of i gnition, (1) autoignition 
and (2) torch ignition, were used to initiate combustion in the after
burner. The r ange of altitudes and afterburner fuel-ai r r ati os (f/a)t 
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over which ignition was obtained is shown in figure 18 for a flight 
Mach number of 0.6. The dashed curves are the operational limits of 
the two burner configurations from figure 6. Because the fuel flow 
was measured at the moment ignition occurred, before fuel flow had 
stabilized, accurate fuel-air ratios cannot be expected for the start
ing data. Autoignition was obtained with configuration B throughout 
the operational range of fuel-air ratios to an altitude of 45,000 feet, 
the highest altitude at which afterburner ignition was attempted. 
Autoignition could not be obtained with configuration A possibly 
because of the cooling of the flame holder by the impingement of unva
pori zed fuel from the closely coupled fuel manifold. With configura
tion A, the afterburner could be ignited by the torch method throughout 
the operable fuel-air-ratio range to an altitude of at least 
30}000 feet. Two out of three attempts to obtain ignition were suc
cessful at a lean fuel-air ratio at 35,000 feet. 

CONCLUDING REMARKS 

An investigation of the altitude performance of two flame-holder 
and fuel-system configurations in a short afterburner has been con
ducted on an axial-flow turbojet engine in an altitude chamber. One 
configuration consisted of a double annular H-gutter flame holder hav
ing an additional V-gutter several inches downstream. The fuel injec
ti9n manifold was located directly upstream of the H-gutter flame 
holder. The other configuration had a double annular V-gutter flame 
holder with the fuel-injection manifold mounted several incbes upstream. 
This arrangement allowed more time for vaporization of the fuel and 
mixing of the fuel and air. The double annular V-gutter configuration 
provided the better altitude performance and operating characteristics. 
At a flight Mach number of 0.6, the altitude limits were about 42,000 
and 50,000 feet for the H-gutter and V-gutter afterburner configurations, 
respectively. The respective combustion efficiencies of the two con
figurations at limiting turbine-outlet temperature and at an altitude 
of 30,000 feet and a flight Mach number of 0.6 were 61 and 74 percent. 
At these operating conditions, the improved combustion efficiency 
reduced the afterburner net thrust specific fuel consumption from 2.62 
to 2.33 pounds of fuel per pound of net thrust. 

Ignition of the V-gutter configuration afterburner occurred spon
taneously when the fuel was introduced into the afterburner. This 
autqignition was possible to an altitude of 45,000 feet, the highest 
altitude at which ignition was attempted. Ignition of the H-gutter 
configuration, however, was not spontaneous and the use of a torch 
igniter was required. 
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The superiority of the V-gutter configuration in the short after
burner is attributed to (1) improved circumferential fuel distribution, 
(2) increased fuel mixing and vaporization time, and (3) use of the 
V-gutter flame holder with its superior flame-holding characteristics. 

Lewis Flight Propulsion Laboratory 
National Advisory Committee for Aeronautics 

Cleveland, Ohio 



l2 

A 

Cy,e 

F 

f/a 

g 

M 

N 

p 

p 

R 

T 

v 

NACA RM E52B25 

APPENDIX - METHODS OF CALCULATION 

Symbols 

The following symbols are used in this report: 

area, sq ft 

flow (discharge) coefficient, ratio of effective flow area to 
measured area 

thermal expansion ratiO, ratio of hot exhaust-nozzle-throat area 
to cold exhaust-nozzle-throat area 

effective velocity coefficient, ratio of actual jet thrust to 
calculated jet thrust 

thrust, lb 

fuel-air ratio 

acceleration due to gravity, 32.1.74 ft/sec2 

enthalpy, Btu/lb 

lower heating value of fuel based on reference temperature, 
Btu/lb 

Mach number 

engine speed, rpm 

t~tal pressure, lb/sq ft 

static pressure, lb/sq ft 

gas constant, 53.3 ft-lb/(lb)(~) 

total temperature, ~ 

reference temperature, 5400 R 

velocity, ft/sec 

air flow, lb/sec 

fuel flow, lb /hr 
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Wg ga s f l ow, I b/sec 

r ratio of speci fic heats 

~ combusti on ef f i ciency 

Subscript s: 

c calculated 

e engine 

i indicated 

j jet 

n net 

t afterburner 

ua unburned air 

o free- stream ambient conditions 

1 engine inlet 

3 compressor outlet 

5 turbine outlet (diffUser inlet) 

6 after burner inlet 

7 exhau st-nozzle i nlet 

8 exhaust-nozzle throat 

Methods of Calculation 

Flight speed and Mach number. - The simulated flight speed and 
Mach number at which the engine and afterburner were oper ated were 
determined f rom the following equations: 

13 

(1) 
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Mo= (2) 

where y was assumed to be 1.4 and the total temperature was assumed 
to be equal to the indicated temperature inasmuch as the thermocouple 
recovery factor was 0.96. 

Gas flow. - The compressor-inlet air flow was computed as 

-J (3) 

The engine air flow at station 3 was calculated by subtracting the 
midframe air-bleed and the air flow required to drive the afterburner 
fuel pump from the compressor inlet air flow. The midframe air-bleed 
and afterburner fuel-pump air flow were calculated in a similar manner 
to the compressor-inlet air flow. The total gas flow at the turbine 
outlet was calculated as 

The total gas flow at the exhaust-nOZzle throat was calculated as 

(5) 

Turbine-outlet total temperature. - The turbine-outlet total tem
perature was corrected for impact. 

Y -1 5 

(P ) Ys T5 i ~ 
J P5 

T5 = 

-J [(Ps)Y~:l 
1 + 0.95 -

P5 

(6) 

The value 0.95 is the thermocouple recovery factor. 
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Afterburner inlet velocity. - The continuity equation was used to 
calculate the afterburner inlet velocity. The static pressure and area 
were measured at station 6. The total-pressure and -temperature meas
urements from station 5 were used and it was assumed that there was no 
loss between the two stations . 

(7) 

Afterburner fuel-air ratio. - Two afterburner fuel-air ratios are 
used in this report and are defined as follows: 

(1) The ratio of the afterburner fuel flow to engine air flow} 

(-af)t = -=-::--::-W:::-f~}'=""t_ 
3600 Wa 3 , 

(2) The ratio of the afterburner fuel flow to the unburned air 
entering the afterburner) 

(
f) Wf}t a ua = --------~---=W-f-,-e-

3600 Wa}3 - 0.0672 

(s) 

(9) 

The assumption used in obtaining this equation was that the fuel 
i njected in the engine was completely burned. The value of 0.0672 is 
the stoichiometric fuel-air ratio for the fuel used. 

Exhaust-gas total temperature. - The exhaust-gas total temperature 
was determined by 

Ta = ~ (Aa~:~:p~ 
2 
(~:)(;:r a (::ya _ l (10) 

The flow coefficient Cd was obtained from reference 3. The exhaust

nozzle-throat area AS was measured at room temperature. Values of 

the thermal expansion ratio CT of the exhaust nozzle were determined 
from the thermal expansion coefficient for the exhaust-nozzle material 
and the measured skin temperature. 
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Exhaust -nozzle - throat stat ic pressure PS was determined as follows: 

PS = PO for subsonic flow 

for sonic flow 

Afterburner combustion efficiency. - The afterburner combustion 
efficiency was calculated from 

(11) 
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The engine fuel was not assumed to be burned completely in the engine. 
The unburned engine fuel was charged to the afterburner. The engine 
combustion efficiency was 0.96; this value was obtained from an alti-

Am+B tude calibration of a similar engine. The term ----l accounts for the 
m+ 

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 (reference 4). Dissociation was not considered 
inasmuch as its effect is negligible for temperatures to 32000 R. 

Thrust. - The jet thrust was calculated from 

(l2) 

The values of Ps and CT are explained in the discussion of 

equation (lO). The effective velocity coefficient Cv e was obtained 
from reference l. ' 

.96 

.95 

.94 

.93 
1.4 1. 6 

- r---

1.8 2.0 2.2 
Pressure ratio) 

,..., 
--.......... r----

2.6 2 . S 

Net thrust was obtained from the jet thrust by 

(l3) 

Net thrust specific fuel consumption. - The net thrust specific 
fuel consumption was calculated from 

= (l4) 
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TABLE I - PERFORMANCE 

Run Fllght Altl tude Engine After- Engine J et Net All' Ne t thrust After- Arter - After-
Ma c h (rt) speed burner fu~l thrust thrust flow specific fuel burner bllI'ner burner 

number N fuel flow FJ Fn Wa consumptIon fue1- fuel - 1n1et 
~10 (rpm) flow Wr,e (lb) (lb) (lb/sec ) Wr,t + Wr, e 3ir a ir ve l oc1ty 

\i r , t (l b/hr) Fn ratio ratio V6 
(lb/hr ) (lb/(hr) 

(r/a)t (r/a )ua (ft/sec) 
(lb thrust» 

CONFIGURATION A 

1 0. 4 30 , 000 7921 1659 1647 1882 1472 30.58 2 . 245 0 . 0 151 0 . 0 194 395.2 
2 7919 2285 1908 2318 1917 30.53 2 .187 . 0208 . 0280 379.8 
3 7922 2 795 2033 2474- 206" 30.36 2.338 . 0256 . 03 53 37 9 .7 
4 791 8 3350 2083 2581 2169 30 .7 8 2 . 505 . 0302 . 0419 383. 5 
5 7914 3985 2079 2534 2133 30 .12 ~.9~3 .0368 . 0514 384. 5 
~ I U. b lU,UUU ~~~~ ~~~~ :'\373 

~~i~ 271'3 71 .95 <o! . 211 0 . 0107 0 . 01 33 402 . 6 
7 3940 3 645 72 . 'J~ <!.147 .0150 . 0193 395.9 
8 7911 5030 4297 5730 4235 72.09 2.202 . 0194 . 0257 394 . 4 
3 7922 6300 4632 6236 4728 72 .1 6 2 . 312 . 0243 . 0330 393.4 

10 20 . 000 
~~~~ ~~~~ ~;6~ ~~~~ ~{~f ~~ :~; ~ : ~~~ v : g~~~ l o : gi~~ :~~ : i 11 

12 7919 3160 2934 3853 2833 51.26 2 . 151 . 0171 . 0224 394 . 4 
13 79ll 4:>40 3160 4228 3208 :;0 .79 2 . 244 . 0221 .0297 387. 5 
14 7917 5125 3427 4545 352? 50.84 2 .428 . 0280 .0388 388 . 7 
15 30 , 000 m~ ~g~~ m~ ~;i~ 14 3 ) 54.89 2 . 371 o:gm lo : g~~~ ~~; : ~ 16 18~~ 33.97 2.147 
17 7915 2870 22~2 2314 2249 34.21- 2 . 264 . 0233 . 0 318 389 . 5 
18 7915 3770 2341 3132 2450. 34 . 56 2 .496 . 0 30 3 . 0421 390 . 4 
19 7912 4680 2480 3275 2613 34 . 08 2 . 740 . 0 381 . 0545 383 . 9 

~~ 0.8 3') , "UU 7917 gg~ .l"" '~ ~~~~ 1:>3" 3~.~~ ~ : ~§~ Iu :gm o : gi~; :gn 7913 2118 2008 40.43 
22 7912 2915 239,. 3457 2422 39.90 2.192 . 0203 . 0270 390. 2 
23 7908 3770 2604 3744 2717 39.99 2.346 . 0262 . 0 358 385.8 
24 7905 4630 2773 4053 3011 40.04 2.459 . 0321 . 04 50 380.5 

"" l.l · ') I :'U,UUU 
;~i~ 2~~~ m~ ~~~8 ~~~~ :n~ ~:~;~ 

.')1')1 . UUl ' .. ,,,.,, 
26 .0135 .0170 405.0 
27 7917 3110 2729 43ll 2774 48.25 2 . 105 . 0179 .0234 394 . 9 
28 7913 4020 2978 4681 315 4 48.07 2.2l9 . 0232 .0312 387 . 4 
29 7918 4920 3 ?45 5063 3531 48.35 2.312 . 0283 .0391 385 . 9 

CONFIGUR.~TIOIJ B 

30 0 .40 4:),000 7905 1299 ll58 1220 971 19. 43 2 . 530 0 . 0186 0 . 0246 411 . 4 
31 7918 1479 1338 1534 1268 19 . 52 2.222 . 0210 .0293 399.5 
3~ 7918 1858 1420 1630 1385 19.3~ 2 .367 . 0267 . 0382 395.9 
33 7903 21 00 1460 1708 145! 19.65 2 . 453 . 0297 . 0428 398 . 1 
34 7913 23 65 ~490 1721 1472 19 . 28 2 . 519 . 0 341 . 0500 391.5 
35 1° .60 10 , 000 7919 224::1 3308 !~~~ ~g~; 72.11 2 . 114 : g~g~ .0106 404.8 
3G 7920 2710 3530 72 .1 2 2.050 .0131 398.4 
37 7919 3825 4:>40 5309 3811 72.10 2 . 064 . 0147 .0192 39?4 
38 791 5 4840 4365 5774 4254 72.56 2 . 164 . 0185 . 024S ,595.5 
39 7922 6000 4670 6236 4768 71 . 05 2 . 238 . 0235 .0322 388.0 
40 l"u , uUU 7~"r. ~~~~ ""uu ;~~~ ~~!{ ~L~~ 

" . u47 IU : ~i~~ IU .Ul"" 406 . 3 
41 7913 2727 1.881 .0168 3 94.2 
"2 7917 3215 3116 4131 3102 52.20 2.041 . 0171 . 0227 392 . 1 
43 7908 4020 3346 4463 3431 51.92 2 . 147 . 0215 . 0293 390.0 
44 7913 ·1890 3559 4728 3698 51. 5 7 2 . 285 . 0263 .0368 387 . 6 
45 3u, uuu ~~g i~~i ~gg6 m~ i~6~ 34. 5 1 ~ : ~~~ 0 . 0 129 0 . 0166 402 . 2 
46 34.25 . 01 57 . 0207 397.6 
47 7919 2365 2164 2840 2169 34.44 2.088 . 0191 . 0258 394 . 5 
48 7920 2705 2294 2396 2338 34 . 32 2 . 164 . 0224 .0309 390 . 2 
-19 7921 3195 2UO 3142 2482 34 . 41 2 . 258 . 0258 . 0362 390.5 
50 4U , 000 

~~i~ i~~~ im i~~~ i;~~ ~U~ ~:~~~ lo :gm u : g~~~ 391.5 
51 390 . 9 
52 7913 2175 1575 1958 1543 21 . 71 2 . 430 .0278 .0397 3 91 . 9 
53 791 2 2470 1624 2051 1637 21 . 67 2.501 . 0317 .0458 389.1 
54 791 6 1 319 1311 1602 1184 21 . 87 2 . 221 . 0168 .0223 3 77 . 5 
55 7884 1576 1442 1819 1387 22 . 05 2 . 176 . 0199 . 0272 3 88 . 5 
55 78a9 1842 1531 1916 1499 21.74 2.250 . 0235 . 0332 387 . 2 
5 7 7892 2150 1572 2004 1578 22.03 2.359 . 0269 .0380 3 90 . 2 
58 7859 2455 l624 2079 1662 22 . 0 7 2 . 4 54 . 0 309 . 0444 383. 5 
5 9 45, uuu m; i~~~ 

Ho5 1410 lU"l 10." ".4.l:' IU : ~~~~ : ~;~~ ;~~ : ; 60 1210 1473 1134 16 . 88 2 . 501 
61 7923 1846 1260 1519 ll87 16.92 2 . 617 . 0303 .0437 399 .3 
62 7908 2085 1275 1557 1229 17 . 00 2.734 .0341 .0493 395 .4 
03 U . ~U 4U,"UU -- - - 13"" 14" 1 1~ 7" 13~7 "". ,,~ " . 14" Iu : gg~ 0 .0198 3 153 . 6 
64 B17 1659 1594 2192 1539 25.69 2 . ll4 .0241 394.6 
65 7913 2355 1774 2419 1806 25.55 2 . 286 . 0256 . 0359 389 . 8 
66 7914 2700 1861 2541 1903 25 . 46 2 .397 . 0235 . 0422 388 . 3 
67 7913 1454 1474 2001 1354 25 . 60 2 . 162 . 0158 . 0207 405 . 5 
68 7914 1756 1609 2240 1586 25.71 2 . 122 . 0190 . 0256 400 . 1 
69 7913 2050 1708 2360 1713 25.50 2.194 . 0223 . 0309 396 . 1 
70 7914 2370 1 792 2457 1821 25 .69 2 .2~6 . 0256 . 0 360 394.3 
71 7910 2 7 40 1873 2566 1 q17 25 .71 2.406 .0296 . 04 23 396 . 6 

;~ Il.U 40 , 000 ;~~~ ~~~3 m! 2~~6 g~~ ;g :~~ ~ : g~~ lo : gi~~ u : g~{~ :g~ : i 
74 7916 2200 1946 2948 1979 30 .81 2 . 095 . 0198 . 0268 401.0 
75 7913 2570 2054 30 91 2123 30 . 58 2 . 178 . 0233 .0 323 399 . 7 
76 7926 3005 2134 3270 2297 31 .02 2 . 263 . 0269 . 0 39:) 395.9 
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DATA WITH AFTERBURNING 

After After- Eng1ne- Turb1ne- After- After- 1 Exhaust Englne- Turbine Run 
burner burner inlet outlet burner burner static inlet outlet 

outlet combustion total total inlet outlet pressure total total 

total tem- efficiency pressure pressure static total PO tempera- tempera-

perature nt PI P5 pressure pressure )1 ture ture 

T8 (lb/ Sq ft) (lb/ sq ft) P6 
P

8 
(lb/ sq ft) T1 T5 

(~) (lb/sq ft) (lb/ sq ft) (~) (OR) 

CONFIGURATION A 

1898 0.443 696.0 1220 1117 1156 616.4 426 1452 1 
2452 .661 694.3 1369 1265 1290 617.9 427 1580 2 
2666 .652 697.6 1416 1318 1337 617.0 427 1651 3 
2717 .590 696.2 1458 1354 1372 618.4 427 1695 4 
2736 .499 698. 3 1445 1341 1359 620.1 427 1711 5 

~~~~ 0 . 5B4 i~~; ~~~ ~~~i ~~~~ U37 :>26 -IU8 b 
.762 1H9 522 1578 7 

2606 .808 1852 3320 3050 3112 1450 522 1674 8 
2879 .B10 1856 3485 3216 3264 1448 521 1759 9 

i~~~ 0.343 m~ ~~i~ 1647 1734 ~O 4'T!r --r33O ID 
. 514 1B18 1889 962.4 479 1440 11 

2328 .708 12:3d. 2234 2047 2095 965.9 481 1584 12 
2647 .745 1236 2358 2170 2209 965.9 480 1669 13 
2869 . 700 1236 2459 2275 230 5 965 . 2 482 1751 14 

m~ 0 .333 793.1 m~ mi m~ 
-SIT. 2 TIT --rna' 15 

.653 799.7 617.5 444 1537 16 
2625 .690 796 . 0 15 88 1463 1486 620 . 8 444 1664 17 
2794 .625 796.9 1652 1535 1552 617 . 0 '43 1734 18 
3010 . 588 799.0 1704 1586 1599 620.4 HI 1774 19 
1661 0.365 950.4 1481 m~ 1~1j" ors-:T 467 -mI ~ 2034 .572 949. 0 16H 1539 613.7 467 21 
2453 .682 951.8 1784 1637 1668 615.8 466 1620 22 
2715 .670 951.6 1883 1740 1763 620.9 465 1695 23 
2985 . 681 954.6 1978 1837 1856 615.5 463 1754 24 

m~ 0 .151 11BO m~ 142B i~~g 613 . 8 4'94 i~i~ 
-25 

.552 11B2 1736 619.3 493 26 
2341 .692 11B2 2099 191 7 1964 620.8 492 1595 27 
2650 .714 1183 2226 2049 2084 627.2 490 1679 28 
2918 .723 1184 2347 2173 2197 625.9 488 1760 29 

CONFIGURATION B 

1900 0.307 432 . 4 791.1 710.9 735 . 9 384.9 408 1512 30 
2490 .629 433.8 889.4 809.3 829.1 380.6 407 1665 31 
2716 .611 428.9 923.3 843.9 859.3 383.3 407 1735 32 
2812 . 608 436.3 952.9 873.5 886.4 387.1 408 1780 33 
2908 . 569 432.8 957 . 5 879.4 888.6 384.9 410 1788 34 
1766 U.6U4 Ilj~" ,,80 1 "4~~ ,,613 1443 022 14"~ 30 
1995 .743 1853 2961 2659 2758 1441 521 1488 :36 
2382 .850 1850 3207 2900 2984 1H7 521 1596 37 
2602 .834 1860 3356 3053 3122 1446 523 1679 38 
2968 .881 1847 3503 3199 3263 1447 521 1761 39 
1835 u .6u1 1 231 20l" -1801 'T8'77 959-.4 46lJ 1447 40 
2117 .715 1236 2151 1942 2004 964.8 480 1508 41 
2452 .797 1234 2343 2130 21.80 965 . 3 466 1614 42 
2721 .806 1245 2456 2243 2'e84 966.0 469 1696 43 
2954 . 783 1244 2545 2330 2366 967.2 474 1762 44 
1979 0.590 794.7 1403 1260 1304 ~7.1 4W 141ll)- 45 
2243 . 690 788.2 1478 1335 1372 618.4 441 1565 46 
2519 . 755 793 .6 1563 1423 1454 616.1 441 1643 47 
2719 .763 792.4 1623 1487 1511 620.8 439 1701 48 
2877 .752 796.9 1673 1533 1556 624.8 442 1749 49 
2502 0.663 492.4 989.2 899.8 920.6 380.1 424 1635 50 
2677 .678 496.5 1030 937.2 956.8 381.9 424 1689 51 
2795 .638 491.0 1039 952 . 9 974 . 6 381.4 424 1730 52 
2926 .627 491 . 7 1072 985 . 0 996.7 382.6 425 1777 53 
2120 .523 493.3 324.2 849 . 3 859.9 382.3 420 1478 54 
2445 .649 496.7 990 915.2 924.1 380.0 420 1622 55 
2668 .670 488.4 1026 945.0 952.5 377 . 7 419 1694 56 
2774 .661 497 . 6 1057 980.1 984.6 383.4 418 1730 57 
2904 .642 496 . 9 1087 1010 1011 387.2 420 1763 58 
2477 0.54 7 386.1 774.2 703.7 719.0 295.0 426 1678 59 
2609 .547 385.6 789.6 721.3 734.9 292.7 426 1718 60 
2723 .537 386 .6 812.1 742.0 754 .3 298.0 424- 1752 61 
2754 .502 383.3 823.1 759 . 7 765 . 4 296.5 422 1771 62 
2048 0.537 590.8 1063 957.8 988.0 380.0 438 1378 63 
2352 .665 592.2 1130 1024 1051 384.9 439 1588 64 
2754 .680 590.5 1222 1117 1133 383. 5 440 1715 65 
2900 .659 588 . 0 1256 1145 1161 383 . 0 442 1758 66 
2104 .560 591 . 2 1067 962 989.4 381.4 441 1537 67 
2429 .686 597 . 2 1147 1037 1066 383 . 0 440 1626 68 
2621 .694 587.3 1181 1077 1098 377.1 437 1682 69 
2762 .683 594.3 1219 1119 1138 384.7 438 1724 70 
2901 .661 596.5 1260 1151 1168 385.2 437 1783 71 
1999 0.565 735 . 6 1246 1122 1158 380.4 470 1510 72 
2244 .642 739.1 1321 1193 1225 383.2 471 1591 73 
2533 .725 734.9 1397 1273 1299 380 . 8 469 1674 74 
2U3 .733 736.3 1445 1321 1343 380.4 472 1742 75 
2901 .723 744.0 1511 1384 1404 386.3 468 1781 76 



~ 

( a ) Photograph of install ation . 

Figure 1 . - Engine and afterburner installation in altitude chamber . 
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Station 1, 
engi!le inlet 

~14_i~h butterfly valve 
Engine 

Station 5, 

Afterburner assembly 

(b) Schematic diagram of installation. 

Figure 1. - Concluded. Engin~ and afterburner installation in altitude chamber. 
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Figure 2. - Inl et diffuser end afterburner assembly. (All dimensions in inches . ) 
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(a) Configuration A. 

Fuel manifold 
H-gutter flame holdp.r holder --

Figure 3. - Installation of fuel-system and flame-holder configurations. (All dimensions in inches.) 
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(b) Configuration B. 

V-gutter flame 
holder 

Figure 3 . - Concluded. Installation of fuel-system and flame-holder configurations . (All dimensions in inches .) 
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Upstream, 00 to flow direction 

± 150 to flow direction 

_ - Flame holder 

(a) Configuration A; diameter of orifices, 0.025 inch; number of orifices, 226. 

Upstream, 450 to flow direction 

(b) Configuration B; diameter of orifices , 0 . 030 inch; number of orifices, 108 . 

Figure 4 . - Location of fuel orifices in manifolds. 

I __ 
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o Total-pressure tube 

o Thermocouple 

Center line of 
engine burners 

Inner-cone support 
struts 

(a) Turbine outlet (diffuser inlet), stat i on 5, ~ inches 

downstream of turbine flange. 

(b) Exhaust-nozzle inlet, station 7, 
5 inches upstream of outlet. 

~ 
CD-2151 

Figure 5. - Location of pressure and temperature instrumentation installed in the 
afterburner; looking downstream. 
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(b) Configuration B. 

Figure 6. - Operable range of afterburner configurations at several flight Mach numbers. 
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tude of 40 , 000 feet . 

Figure 7. - Effect of flight Mach number on operational limits. 
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Coni'iguration A Coni'iguration B 
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Figure 8. - Variation o~ afterburner inlet conditions with ~uel-air ratio at 
eeveral altitudes . Fl ight Mach number, 0 . 6 . 
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(b) Afterburner combustion efficiency. 

Figure 9 . - Variation of exhaust- gas total temperature and afterburner combustion 
efficiency with fuel - a ir rat i o at several altitudes. Flight Mach number , 0 . 6 . 
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Figure 14 . - Variation of exhaust-gas total temperature and afterburner combustion 
efficiency with afterburner fuel -air ratio at several flight Mach numbers. 
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Figure 16. - Variation of over-all afterburner performance with afterburner 
fuel -air ratio at several flight Mach numbers . 
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Figure 18 . - Starting range of afterburner configurations. Flight Mach number, 0.6. 
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