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SUMMARY

An attempt is made to show the significance of major cycle variables

on turbojet engine performances at the operating condition of Mach 3.0.

This investigation considers the effects of the following:

1.

Compressor pressure ratio
Compressor and turbine efficiency
Turbine inlet temperature
Afterburner temperature

Cooling air bleed

Inlet water injection

Inlet ram recovery

These effects are presented in terms of specific fuel consumption {pounds

of fuel per hour per pound of thrust) and specific thrust (pounds of thrust

per pound of air flow per second). Weight and size considerations are not

included.

This study indicates that none of the variables under investigation

displays a critical value. Consequently, other considerations than the

simple thermodynamic cycle variables studied will determine the proper engine

for Mach 3.0 flight.
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INTRODUCTION

This study is intended to form a basis for understanding of the
importance of various design point parameters for turbojet engines when

applied to the condition of flight at a Mach number of 3.0.
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METHODS

Properties of air, combustion products, and water vapor were ex-
tracted from Ref. (1) and fitted with empirical equations to an accuracy
of one-quarter of one per cent over the temperature range of 400 to 4000°R.
These data were combined with the well-known relations for the turbojet

eycle and coded for the RAND Johnniac electronic digital computer.
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TURBOJET CYCLE CONSIDERATIONS

In any thermodynamic cycle study, certain values of design parameters
are easily determined to be desirable at either a maximum or a minimum.
For example, it is desirable to have the efficiency of the compressors as
high as all considerations allow and, similarly, to have the pressure loss
in the exhaust system at a minimum.

In-a parametric study such as this, those parameters which are to be
maximized or minimized are usually held constant while the investigation
centers on the unknown effects of other parameters. Accordingly, in the
following list the parameters under consideration here for Mach 3.0 operation
are enumerated and labeled as determined values or unknown effects:

1. Inlet temperature: This temperature is held constant at 1100°R.
or 640°F.

2. Ram efficiency: The maximum value of this parameter is desirable
but unknown; therefore, the effect of several values must be investigated.
3. Compressor pressure ratio: Investigators have optimized this
variable for various conditions over the past twenty years. This study is

no exception.

4, Compressor efficiency: Progress in the state of the art tends to
maximize this parameter. A high value is selected and one excursion is
allowed. The maximum value is 89 per cent polytropic,

5. Combustor efficiency: A constant value at 98 per cent.

6. Combustor pressure drop: A constant value at L per cent.

7. Turbine inlet temperature: An unknown effect.

8. Turbine cooling: Convective cooling of the turbine is used.

Compressor discharge air cools the first turbine stage and is exhausted
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before the second stage. The percentage of cooling air bleed is
parameterized.

9. Turbine efficiency: State-of-the-art progress now permits the
assumption of an efficiency level of 88 per cent on a polytropic basis.
One excursion is made from this value.

10. Afterburner efficiency: A constant value at 90 per cent.

11. Afterburner temperature: By varying this parameter, contri-
butions can be made to the discussion of afterburning engines versus non-
afterburning engines with high turbine inlet temperatures.

12. Exhaust nozzle efficiency: A constant value at 95 per cent
applied to a fully expanded nozzle.

13. Exhaust system pressure loss: For non-afterburning, 6 per cent;
for afterburning, 9 per cent.

1k, Inlet water injection: Different quantities of water will be
injected into the inlet, and the effects on performance, assuming complete

evaporation, will be determined.
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DISCUSSION

COMPRESSOR PRESSURE RATIO

Question: What is the effect of compressor pressure ratio on turbo-
jet engine performance and how is this affected by the levels of compressor
and turbine efficiency?

Answer: Figure 1 shows the effect of both compressor pressure ratio
and component efficiency level on performsnce as characterized by specific
fuel consumption and specific thrust for both afterburning and non-
afterburning conditions. The turbine inlet temperature is held constant
at 2460°R. with 2 per cent cooling air bleed. Afterburning temperature is
40OO®R.; ram efficiency, 56 per cent.

Note that in the afterburning condition a value between 2.5 and 3.5
shows very little effect on either specific fuel consumption or specific
thrust. Worsening of compressor and turbine efficiencies by 5 per cent
shows an increasing deterioration of performance as compressor pressure
ratio increases, but for afterburning this has little effect on optimum
pressure ratios. For non-afterburning, the effect of component efficiencies
is greater at the higher pressure ratios, and the specific thrust goes steadily
down as pressure ratio increases.

From Fig., 1 we can conclude that, under the assumptions shown, pressure
ratio is not critical. Hence, in order to facilitate the examination of
other variables we shall use a pressure ratio of 3.0 in the remainder of

the analysis.

TURBINE INLET TEMPERATURE, CASE 1

Question: What is the effect of increasing or decreasing turbine inlet

temperature?
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Answer: TFigure 2 shows the effect of turbine inlet temperature. For
either afterburning or non-afterburning, the specific fuel consumption de-
clined and specific thrust increased as turbine temperature increased. The
non-afterburning specific fuel consumption is quite sensitive to turbine

inlet temperatures below approximately 2200°R.

TURBINE INLET TEMPERATURE, CASE 2

Question: Increasing turbine temperature usually requires more cooling
air. If this is taken into account, how does turbine inlet temperature
affect performance?

Answer: Figure 3 shows the effect of turbine inlet temperature upcn

performance when cooling air requirements are as given in the following

table.(e)
Turbine Inlet Tempersture (°R.) % Cooling Air
2160 0O
2260 .97
2460 1.79
2660 3.79
3060 5.30

Figure 3 reveals the same trends as Fig. 2, which had a constant value of
2 per cent cooling air. The most interesting feature of Fig. 3 is that the
non-afterburning specific fuel consumption reaches a minimum near ETOOOR.
The uppermost value of turbine inlet temperature shown is not possible with
the assumed afterburner temperature, since the total fuel flow exceeds the

stoichiometric value.
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AFTERBURNER TEMPERATURE

Question: Thus far, the afterburner temperature has been kept constant
at 4000°R. What are the effects of varying this temperature while holding
the turbine inlet temperature constant at 2460°R?

Answer: Figure L shows the effects of varying the afterburner tempera-
ture from 2800 to 4L4OO®R. The specific fuel consumption and specific thrust

climb steadily as afterburner temperature increases.

COOLING AIR BLEED

Question: The exact amount of cooling air bleed is sometimes difficult
to determine. What is the effect of this quantity with all other values held
constant ?

Answer: Figure 5 shows the effect of increasing the bleed from O to
15 per cent while holding turbine inlet temperature at 2460°R. and afterburning
at 4000°R. The effect on afterburning performance is relatively small: sbout
1/2 per cent for 1 per cent bleed on either specific fuel consumption or
specific thrust. The effect on non-afterburning performence is more serious:

as high as 3 per cent for 1 per cent bleed on specific thrust.

INLET WATER INJECTION

Question: What are the effects of injecting water at the engine inlet,
assuming that the water evaporates?

Answer: Figure 6 shows the effect of injecting up to 11 per cent water
in the inlet. The approximate cooling effects are shown in the following

table.
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Water/Air Inlet Temperature (°R.)
0 1100
.0223 1000
L0781 750
.1115 600

Figure 6 shows that the specific thrust increases rapidly as water is

added, while the specific liquid consumption goes to very high values,

An important effect of water injection is not shown on these simple figures:
Not only does the specific thrust increase, but for a given size engine the
air handling capacity increases because of the increased density of the inlet
air. In addition, a structural benefit to the engine accrues from the lower

inlet temperature.

INLET RAM RECOVERY

Question: The ram pressure recovery efficiency is held constant at
56 per cent. What effect do higher or lower efficiencies have?

Answer: Figure 7 investigates the effect of inlet ram pressure re-
covery from 48 per cent to 64 per cent. These curves show the bettering of
performance as ram recovery increases. They are nearly linear and show a
greater effect on the non-afterburning characteristics. Another deleterious
effect of decreasing ram efficiency, not shown on this figure, is the de-

creaged air handling capacity as the inlet air density decreases.
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CONCIUSIONS

This study treats the significance of some of the major thermodynamic
variables upon turbojet performance at Mach 3.0. It shows that no variable
displays a critical value. We can summarize as follows:

Compressor Pressure Ratio: Not critical--somewhere between 2.5 and 3.5.

Component Efficiency: Not critical if the compressor ratio is kept
within the mentioned limits.

Turbine Inlet Temperature: Not critical so long as it is above
approximately 2200°R.

Afterburner Temperature: No decision, since the decrease in specific
fuel consumption is offset by the decrease in specific thrust.

Cooling Air Bleed: Not critical in afterburning performance.

Inlet Water Injection: More study is reguired for evalustion of this factor.

Inlet Ram Recovery: The maximum value as limited by the state of the
art is desired.

This study indicates that other conditions than the simple thermo-
dynamic cycle variables studied will determine the proper engine for Mach
3.0 flight. The determining considerations, which will be given further
study, are:

1. Mission profile
2. BEngine weight and size
3. Off-design operation of the engine, thrust versus flight

speed, etc.
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