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SUMMARY

This report describes an analysis of gas turbine engines using water and oxygen injection to enhance
performance by increasing Mach number capability and by increasing thrust. The liquids are injected,
either separately or together, into the subsonic diffuser ahead of the engine compressor. A turbojet engine
and a mixed-flow-turbofan engine (MFTF) are examined, and in pursuit of maximum thrust, both en-
gines are fitted with afterburners. The results indicate that water injection alone can extend the perform-
ance envelope of both engine types by one and one-half Mach numbers at which point water-air ratios
reach 17 or 18 percent and liquid specific impulse is reduced to some 390 to 470 sec, a level about equal
to the impulse of a high energy rocket engine. The envelope can be further extended, but only with in-
creasing sacrifices in liquid specific impulse.

Oxygen-airflow ratios as high as 15 percent were investigated for increasing thrust. Using 15 percent
oxygen in combination with water injection at high supersonic Mach numbers resulted in thrust augmen-
tation as high as 76 percent without any significant decrease in liquid specific impulse. The stoichiometric
afterburner exit temperature increased with increasing oxygen flow, reaching 4822 °R in the turbojet
engine at a Mach number of 3.5. At the transonic Mach number of 0.95 where no water injection is
needed, an oxygen-air ratio of 15 percent increased thrust by some 55 percent in both engines, along with
a decrease in liquid specific impulse of 62 percent. Afterburner temperature was approximately 4700 ° R
at this high thrust condition.

Water and/or oxygen injection are simple and straightforward strategies to improve engine perform-
ance and they will add little to engine weight. However, if large Mach number and thrust increases are
required, liquid flows become significant, so that operation at these conditions will necessarily be of short
duration.

INTRODUCTION

In planning future aerospace programs, a good deal of attention is currently focused on airbreathing
propulsion systems. In the civilian arena, gas turbine engines are being considered as the propulsion sys-
tem for the first stage of a fully recoverable two-stage launch vehicle. Reference 1 describes one such vehi-
cle which has evolved into the Beta II concept currently being investigated at the NASA Lewis Research
Center. References 2 and 3 describe more recent versions of the vehicle, and reference 4 discusses propul-
sion concepts for the first stage of the Beta II vehicle. References 5 to 7 report on earlier studies which



included two-stage-to-orbit vehicles (TSTO) with various contributions from airbreathing propulsion. In
the area of military aircraft, it can be assumed that there is a continuing interest in achieving accelera-
tion levels and velocities in excess of those presently attainable. Therefore, it is possible that both civilian
and military programs could benefit from the development of a gas turbine engine with high Mach num-
ber and high thrust capabilities.

Various gas turbine engines are being considered, including turbojets, turbine bypass engines, and sev-
eral versions of the turbofan engine. All of these cycles are suitable for subsonic and transonic operation,
but as the flight envelope is expanded to high Mach numbers, compressor inlet temperatures increase and
eventually reach limits imposed by materials technology. Operation beyond these limits requires that the
gas turbine engines be shut down or bypassed, and alternate propulsion systems such as a ramjet or
rocket be used. Providing an alternate propulsion system results in added weight and complexity and
impacts the design of the airplane.

The present analysis examines water injection as a means of reducing inlet air temperature and
thereby extending the Mach number range of gas turbine engines. Water is injected into the inlet sub-
sonic diffuser. As the water evaporates, it reduces the temperature of the flow entering the turbo-
machinery. Such a strategy is much simpler than the alternate propulsion schemes, and provides a further
benefit by reducing peak, cycle temperatures, thus facilitating the design of the engine afterburner and
exhaust nozzle. Water injection is a technique which has been extensively studied and applied in the past,
but usually as a strategy to augment thrust at subsonic and transonic Mach numbers. References 8 to 11
document some of this work. Reference 12 examines water injection as a strategy to improve engine-inlet
matching at Mach numbers from 1.5 to 2.0. Reference 13 describes the Peace Jack program conducted on
the J79-17 engine using water injection to improve its altitude and Mach number capability. The refer-
ence includes a description of the injection hardware as well as the facilities and instrumentation required
in the program. Velocities up to Mach 2.3 were simulated. Reference 14 provides details of the Peace Jack
water injection system installed on a version of the F-4 airplane. Because the program was limited to
speeds below Mach 2.3, the amount of precompressor cooling which could be achieved was somewhat lim-
ited because the inlet air approached saturation at high water flows. In the present analysis water injec-
tion is only investigated at Mach numbers above 2.4, and saturation is not encountered even with large
water flow rates.

The study also evaluates the thrust augmentation which can be achieved by injecting liquid oxygen
ahead of the engine compressor. In order to maximize thrust, it is assumed that almost all of the injected
oxygen is available in the afterburner for reaction with additional fuel. This leads to higher afterburner
temperatures, but the effect is mitigated at high Mach numbers where water injection rates limit exhaust
gas temperatures due to the heat sink capacity of the water vapor.

The analysis examines two gas turbine cycles at various Mach numbers and altitudes, and documents
liquid flow rates, thrust and liquid specific impulse where the latter parameter is defined as thrust divided
by the sum of water, oxygen and fuel flows.






































	page 1
	page 2
	page 3
	page 4
	page 5
	page 6
	page 7
	page 8
	page 9
	page 10
	page 11
	page 12
	page 13
	page 14
	page 15
	page 16
	page 17
	page 18
	page 19
	page 20
	page 21

