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RESEARCH MEMORANDUM 

ALTITUDE OPERATI ON OF GAS-TURBINE ENGI NE WITH 

VARIABLE-AREA FUEL-NOZZLE SYSTEM 

By H. Gold and S. Rosenzwe i g 

SUMMARY 

The fuel consumption of a gas - turbine engine alternately equipped 
with variable- area fuel nozzles and with fixed- area fuel nozzles was 
i nvestigated at altitudes up to 40,000 feet. At 40,000 feet, the engine 
when equipped with variable-area fuel nozzles operated with reduced fuel 
consumption at all engine speeds . At lower altitudes this reduction in 
fuel consumption occurred at progressively lower engine-speed ranges . 
This reduction was attributed to the increase in combustion effi c iency 
that resulted from improved fuel atomi zat i on . A correlation bet\'Teen the 
percentage reduction in fuel consumpt i on and the fuel consumption of the 
engine equipped with the fixed- area fuel nozzles is presented. On the 
basis of this correlation, the reduction in fuel consumption was approxi ­
mately 16 percent under operating conditions at which the fuel consumption 
of the engine equipped with fixed-area fuel nozzles was 600 pounds per 
hour . The percentage reducti on cont inually decreased unti l a fuel con­
sumption of 1800 pounds per hour was reached. Above 1800 pounds per hour, 
the fuel consumptions of the engine equipped with the variable- and fixed­
area fuel nozzles were equal . 

INTRODUCTION 

Current and projected service reqUirements of gas-turbine aircraft 
necessitate operation at altitudes that impose fuel-flow rates below 
the value at which the f uel- atomi zat i on nozzles produce a well-defined 
spray cone. Ttli th this type of inferior atomi zation the fuel is poorly 
distributed in the combustion chamber, combustion efficiency is low, and 
the flame is susceptible to blow-out . This condition is particularly 
acute at t he low engine rotational speeds required for descent from 
altitude . 

The variable-area fuel nozzle , described in reference 1 , provides 
a means of maintaining a satisfactory spray cone at the low fuel - flOYT 
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rates required for high-altitude flight. As shown in reference 1, this 
type of atomizing nozzle has the additional advantage of being capable 
of acconnnodating the high fuel -flow rates required for sea-level oper­
atj.on ,-lith relatively l ow fuel - sy stem pressures. 

In referenc e 1, ~ turbojet engine designed for operation with a 
fixed- area fuel - nozzle system was shown to operate with a lower specific 
fuel consumption when equipped ,.,i th a variable-area fuel-nozzle system. 
This reduction in fuel consumption occurred in the low fuel-flaw-rate 
range i n which the spray from the variable-area fuel nozzles was visibly 
finer than the spray from the fixed-area fuel nozzles. Because the 
investigation of reference 1 was limited to sea-level conditions, the 
low range of fuel - flow rates (25 to 50 percent of fuel-flow r ate for 
rated engine speed at sea-level static condi t ion) occurred only at 
speeds belovl no percent of rated engine speed . The investigation 
reported herein was therefore undertaken to extend this study to alti ­
tude conditions in which the lovT fuel - flow rates occur over the full 
range of engine speeds. 

The primary aim of this investigation vTaS to determine the magnitude. 
of the possible gains in fuel economy under altj.tude operat i ng conditions . 
Data were obtained on a turbojet engine alternately equipped with 
variable - area and fixed- area fuel nozzles operating over a range of 
engine speeds and ram pressure ratios at altitudes of sea level and of 
25, 000 , 30, 000 , and 40,000 feet . Engine performance is compared on the 
basis of fuel consumption and combust ion efficiency. 

APPARATUS 

Engine 

The J33-11 e-;as - t ur b ine engi ne used :in the investie;at i on had the 
follovTing components and rating: 

Compressor 
Burner section 

Tu.rbine 
Tail pipe 

Exhaust nozzle 

Maximum engine speed 
Sea-level ste,t ic idle speed 

Centrifugal 
14 through- flovT combustion 

chambers 
Single stage, gas 
I nconel, 81-inch length, 

21.0-inch diameter (fig . 1) 
Fixed area, 19 .5- i.nch diameter 

(fig . 1) 
11,500 rpm 
4000 rpm 
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Engine Fuel Systems 

The fixed-area fuel-nozzle system is described as follows: 

Fuel pump 

Barometric 

Control valve 

Fuel manifold 

Fuel nozzles 

Engine driven, positive 
displacement 

Pressure-relief valve controlled 
by atmospheric pressure 

Manually operated restrictive-type 
valve consisting of stopcock and 
throttle 

Tubular ring with individual lines 
t o fixed-area fuel nozzles 

Fixed area, 40 gallons per hour at 
100 pounds per square inch 
differential pressure 

A cutaivay drawing and a photograph of the variable-area fuel nozzle 
of the vortex type is shown in figure 2 . The area of the tangential 
openings into the swirl chamber is varied by a bellows. Fuel pressure 
acts on the outside of the" bellows and combustion-chamber pressure is 
vented to the inside of the bellows . A more detailed description of the 
nozzle is presented in reference 1 . 

A comparison of the fuel flow - pressure drop relation between the 
variable- and fixed- area fuel nozzles is shown in fi gure 3. 

Large variations can occur in the flow resistances of variable-area 
fuel nozzles that operate at nearly constant pressure drop. This vari­
ation of floyT resistance precludes the use of these nozzles with a simple 
manifold fuel-distribution system . A fuel-distribution control (fig . 4) 
was used in this investigation to prevent irregular nozzle-to-nozzle fuel 
distribution. A description of the fuel-distribution control is presented 
in references 1 and 2 . 

Engine mounting 
Combustion air supply 

Exhaust 

Measurements: 

Engine speed 

Engine fuel flow 

Installation 

6- foot altitude test chamber 
NACA Lewis laboratory refrigerated­

air supply 
NACA Le,,ris laboratory exhaust system 

a-c. tachometer generator coupled 
to chronometric tachometer 

Calibrated rotameter 
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Engine fuel pr essure 
Inlet air pressure 

I nlet air t emperature 

Compressor - outlet total pressure 

Compressor-outlet static pressure 

Compres s or-outlet t emperature 
Air flow 

Exhaust pressure 

NACA RM E51A04 

Calibrated pressure gage 
Total- head tube in cell plenum 

chamber connected to mercury 
manomet er 

Iron- constantan thermocouples 
distributed in 900 intervals 
on front and rear compressor 
screens 

Total-head tubes led to cali ­
brated manometer board 

Stat ic tube connected to cali ­
brated manometer board 

Iron- constantan thermocouples 
Standard NACA pressure and 

temperature survey rake placed 
in tail pipe 16 inches down­
stream of t ail - cone flange 

Static tube placed in exhaust 
pipe connected to mercury 
manometer 

PROCEDURE 

With variable - and fixed- area fuel - nozzle systems alternately 
install ed on the gas-turbine engine, engine performance was studied 
from maximum to minimum operating engine speeds at the following 
s imulated conditions : 

Altitude Engine r am 
(ft) pressure ratio 

Sea l evel 1. 00 

25, 000 1.00 

30,000 1. 25 
1.14 
1.00 

40,000 1.50 
1.15 
1.00 

The fuel used was MIL-F-56l 6 . 

Altitude and ram pressures "Tere maintained within ±0 . 025 inches of . 
mercury of the standard altitude pressures . At all altitudes except sea 
l evel , engine inlet temperatures were maintained within 350 of the mean 
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temperature of 4200 R. This mean temperature of 4200 R was used instead 
of the standard altitude temperature because of limitations of the test 
facilities. At sea level, the inlet temperatures were within ±200 of 
standard sea-level temperature. 

The investigation was limited to a maximum altitude of 40,000 feet 
by the exhaust capacity of the 6-foot altitude test chamber. 

SYMBOLS 

The follovnng symbols are used in this report: 

A cross-sectional area, (sq ft) 

cp mean specific heat of air at constant pressure, (0.24 Btu/(lb)(OR)) 

F j jet thrust, (lb) 

Fn net thrust, (lb) 

f/a fuel-air ratio 

g acceleration due to gravity, (32.2 ft/sec 2 ) 

H enthalpy of gas, (Btu/lb) 

h heating value of fuel, (Btu/lb) 

J mechanical equivalent of heat, (778 Btu/lb) 

K g as-flow calibration factor for tail-pipe outlet rake, 0. 964 

N engine speed, (rpm) 

P total pressure, (lb/sq ft) 

p static pressure, (lb/sq ft) 

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

T total temperature, (~) 

T. indicated temperature, (OR) 
1. 

IVa air flow, (lb/sec ) 
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Wf fuel consumption, (lb/sec) 

gas flow, (lb/sec) 

y tail -pipe expansion factor ~ + 1.8 X 10-5 (T7 - 520~ 
~ thermocouple impact recovery factor, 0. 86 

y ratio of specific heats, 1 . 40 for air and variable for exhaust gas 

~b combustion efficiency, percent 

Subscripts: 

o f ree air stream 

1 engine inlet 

2 compressor outlet 

3 burner inlet 

4 burner outlet 

5 turbine inlet 

6 turbine outlet 

7 tail-pipe pressure and temperature survey rake 

8 exhaust-nozzle outlet 

cr critical 

n increment of annular area in tail pipe 

METHODS OF CALCULATION 

Total temperature . - Total temperature was calculated from 
indicated temperature by use of the relation 
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(1) 

Engine gas flow. - Engine gas flow was calculated from pressure 
and temperature measurements obtained in the tail cone (station 7) by 
use of the relation 

Hg = KY ~ (~~)~ T. l,n 

Engine air flow. - Engine air flow was calculated by use of the 
relation 

Jet thrust. - Engine jet thrust was calculated as follows: 

For subsonic flm.r in the exhaust nozzle , 

For sonic flow in the exhaust nozzle, 

rl;:::5 
, -1 - 1 

( 2) 

(3 ) 

(4) 

G:fl 
Fj = L C;) 2Y EO(Y-l) + pcJ ( 5) ~ Po 

G~) Y;l n=l 1 

In equations (4) and (5), the total pressure at the nozzle outlet is 
assumed equal to t he total pressure at the plane of the rake (station 7). 
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The term used in equation ( 5) was calculated as 

l 

(
';-+1) 1 - 1 

P - p / -cr - n 2 (5a) 

Net thrust . - Engine net thrust '\-laS calculated by the use of the 
relation 

1 ( 6) 

Combustion efficiency . - Combust ion efficiency was calculated by 
the use of the relation 

( 7) 

where the assumption '\-laS made that the work done by the turbine is 
equal to t he work absorbed by the compressor . Bearing losses and 
accessory pQ'\ver are a minor factor and are the same for both the 
variable - and fixed- area fuel - nozzle runs. The variation in specific 
heat was taken into account by means of charts relating temperature 
and enthalpy with fuel - air ratio as a parameter . 

Correction factors. - I n order to compare the two fuel systems 
studied in this investigation, all data were corrected to standard 
pressure at the simulated altitude . Because the effect studied in this 
investigation is related to the actual fuel-flmT rate , the altitude data 
were corrected to the experimental mean temperature of 4200 R instead 
of the standard altitude temperatures . This basis for correction made 
the data comparable without signific&~tly altering the numerical value 
of fuel - flo'w rate . Sea - level data '\-Tere corrected to 5180 R. Cor ­
rections for pressure altered the value of the engine variables no more 
than 0 . 5 percent and the corrections for temperature, no more than 4 . 0 
percent . 

Reduction in fuel consumption . - The percentage reduction in fuel 
consumption of the engine equipped with variable-area fuel nozzles as 
compared to the fuel conslli~ption of the engine equipped with fixed- area 
fuel nozzles was calculated as follovs: 

r--­
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[

uel consumption of engin~ 
equipped with fixed-area 

fuel nozzles L
uel consumption of enginJ~ 
equipped .. ,ith variable- X100 

area fuel nozzles 

~uel consumption of engine equipped with fixed-area fuel nozzle~ 

RESULTS AND DISCUSSION 

Engine Performance 

9 

Fuel consumption. - Fuel consumptions of the engine equipped with 
the fixed-area and variable-area fuel nozzles are compared in figure 5 
for various altitudes and ram pressure ratios. The data show a reduction 
in fuel consumpti on resulting from the use of the variable-area nozzles. 
The percent age reduction in fuel consumption is shown in the following 
table: 

Altitude Ram Reduction in fuel consumption, percent 
Cft) pressure 70 percent rated 96 percent rated 

ratio engine speed engine speed 

25,000 1.00 9 .4 ° 30 ,000 1.25 11. 8 ° 1.14 12.3 1.2 
1.00 7 . 5 3.3 

40,000 1.50 15.4 4.4 
1.15 12.5 1.4 
1.00 13. 0 6.2 

Combustion efficiency . - The i mproved combustion efficiency 
corresponding to the reduced fuel consumption is shown in figure 6 . 
The percentage i ncr ease in combus t ion efficiency is gi ven in t he f oll ow­
tng table : 
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Altitude Ram Increase in combustion effi ciency, percent 
(ft ) pr essure 70 percent r ated 96 percent rated 

rati o engine speed engine speed 

25, 000 1.00 8 . 9 0 

30 , 000 1 .25 16 . 2 0 
1.14 10 . 0 0 
1. 00 11.2 1.1 

40, 000 1. 50 20 . 0 3 .2 
1.15 17 . 3 4.0 
1.00 11.3 5 .7 

Small differences occur between the percentage reductions in fuel 
consQ~ption and the percentage increase in combustion efficiency shown 
in the preceding tables . These differences result from scatter in the 
air-flow- data from w-hich the combustion efficiencies were computed. 

Thrust , air flm-f, and exhaust-nozzle temperature. - Typical curves 
of jet thrust and net thrust as functions of engine speed are shown in 
figures 7 and 8 , respectively. There vTaS no difference in the net 
thrust developed by the engine when equipped with the variable-or fixed­
area fuel nozzles. TJ~ical curves of engine air flow and tail-pipe 
temperature as functions of engine speed are shown in figures 9 and 10, 
respectively . An additional check on the equality of the air fl ows in 
the two sets of runs i s shm.;o by the compressor total-pressure ratio 
plot in figure 11. No thrust specific fuel consumption curves are 
presented because , in view of the equality of the thrust curves, they 
would show the same percentage dif ferences as the fuel consumption 
curves of figure 5 . 

Correlation of Effect of Fuel Atomization on 

Fuel Cons~ption 

Variati on of atomization with fuel-flow rate. - Photographs pre­
sented in reference 1 comparing the fuel spray produced by the variable­
area fuel nozzles and the fixed- area fue l nozzles showed that the 
greatest difference in the fineness of atomization occurred at the low 
fuel - floyl r ates (nozzle flOvl rate of approximately 40 Ib/hr) and that 
the difference in the f ineness of atomization continuously diminished 
as the flow ra.te increased . At a nozzle flow r ate of approximately 
150 pounds per hour, the spray produced by the hlo types of nozzle 
appeared ver y similar . The pressure drops across both types of nozzle 
at 150 pounds per hour "Tere approximately 55 pounds per square inch. 
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At all higher flow rates studied the atomization appeared equal i n 
spite of the high pressure drop acr oss the fixed- area fue l nozzle . 

11 

Variation of reduction of fuel consumption with atomization . -
Because the fuel sprays of the two types of fuel nozzle were very 
similar at nozzle flow rates above 150 pounds per hour , no reduction 
in fuel consumption would be expected under engine operating conditions 
at which engine fuel consumption "IoTaS in excess of approximately 
2100 pound.s per hour (14-combustion- chamber engine). I t is noted that 
the curves shmm in figures 5 and 6 converge at a fuel consumption of 
approximately 1800 pounds per hour. The data in figure 5 also corre ­
late for all altitudes and ram pressure ratios of the invest i gat i on . 
This correlation is shown in figure 12 where the percentage reduction 
in fuel consumption is plotted as a function of the fuel consumpt ion 
of the engine equipped with fixed-area fuel nozzles . The magnitude of 
the reduction in fuel consumption can therefore be attributed to the 
difference between fuel-spray configurations with the variable-area and 
fixed- area fuel nozzles . Within the limits of this investigation, the 
effect of improved atomization was apparently independent of altitude 
and ram pressure r atio . As summarized in fi gure 12, the reduction in 
engine fuel consLunption was approximately 16 percent for operating 
conditions during vThich the fuel consumption of the engine equipped ,vi th 
fixed- area fuel noz zles "I-TaS 600 pounds per hour, whereas the fuel con­
sQmptions were equal above 1800 pounds per hour. 

SUMMARY OF RESULTS 

From a study of the a lti tude performance of a gas-turbine engine 
equipped with variable-area fuel nozzles and with fixed-area fuel nozzles, 
the follovTing results were obtained: 

1. At 40,000 feet, the engine when equipped with variable-area fuel 
nozzles operated with reduced fuel consumption at all engine speeds. At 
Im.Ter a ltitudes this reduction in fuel consumption occurred at progres­
sively l ower engine-speed ranges. This reduction was attributed to an 
increase in combustion efficiency that resulted from improved fuel 
atomi za tion . 

2 . The percentage reduction in fuel comsumption correlated with 
t he fuel consumption of the engine equipped with fixed-area fuel nozzles 
for all a lt itudes and ram pressure ratios. Uhder operating conditions 
at which the fuel atomization of the engine equipped with fixed-area 
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fuel nozzle s was 600 pounds per hour , the reduction was approximately 
16 percent , and above 1800 pounds per hour the fuel consumptions were 
equal. 

Lewis Flight Propul sion Laboratory, 
National Advisory Committee for Aeronautics , 

Cleveland , Ohio . 
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Figure 2 . - Var iable-ar ea fue l nozzl e f or gas- turbine engine . 
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(b ) Front and rear views . 

Figure 2 . - Concluded . Variable-area fuel nozzle for gas- turbine engine . 
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f i xed - a r ea fue l no z z l es . 
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