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downstream at a velocity corresponding to a limiting coolant temperature
expanded through a given pressure ratio, as listed in Table 1. The heat is
assumed to come from internal engine regenerative cooling, so there is no
net addition of enthalpy to the cycle.

Reynolds analogy forbids heat transfer on the inside of the engine in
excess of half the internal viscous energy dissipation. Of course, the velocity
and total enthalpies vary through the eycle. To account for this, we pick
the maximizing values of each parameter. The resulting expression is

o AED=0E [EZ_J it "f] 5

More enthalpy than this cannot be extracted from the cycle at the given
speed and heat addition with the flow losses assumed.

This limit was violated in the performance computations of the previous
sections, and they provide a good test case to determine its significance.
It affects only the cases without aerothermal augmentation, and the effect
is through reduction of the fuel injection velocity. In the nonaerothermal
oxidizer addition case, chemical reaction of the injectants supplies the
necessary energy, and the injection velocity does not change significantly.
In the fuel-rich case the available regenerative heat is so small that the fuel
injection velocity becomes negligible for equivalence ratios above five.
The resulting reduction of engine specific impulse is shown by the lower
dashed curve of Fig. 8. Fortunately, the performance correction becomes
significant only for cases where the nonaerothermal fuel-rich performance
is very uninteresting in any case.

MISSION CLASSIFICATION AND PREFERRED PROPULSION

We will now examine the relative merits of these propulsion systems in
certain idealized missions. Our discussion must necessarily be very super-
ficial because the potential missions are not well understood and the
weights of the propulsive systems and airframes are necessarily quite
speculative. It must also be remembered that our treatment neglects
several significant real-engine effects, notably possible underexpansion and
frozen flow in the nozzle. Nevertheless, a few worthwhile points can be
made.

EFFECT OF AUGMENTATION ON TOTAL PROPULSIVE WEIGHT

Lacking more definitive knowledge, we will assume that the combustor
and exit of a hypervelocity air-breather weighs as much as a rocket of the
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same thrust, and the weight of an inlet bears the same proportionality to
its captured stream thrust. This leads to the simple relation

W, cp+4>
T—k< Cr @n)

where k is the weight-thrust ratio of a rocket. This formulation gives us a
smooth transition from rocket to air-breathing engine weights with a
reasonable functional relationship. It also states that an air-breathing
engine with thrust augmentation has exactly the same weight as an unaug-
mented air-breather of the same capture area plus a rocket large enough
to make up the same total thrust, which seems conservative.

If we represent the mission propulsive effort by an equivalent velocity
increment, AV, and ignore variations of specific impulse with velocity, the
total propellant and power plant fraction becomes

Wo _ o ravim | T (We>
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Based on these two expressions and the nonaerothermal oxidizer addition
performance of Fig. 10, we can obtain the solid curves of Fig. 15 as repre-
sentative of the variation of total propulsive fraction with velocity incre-
ment and augmented thrust coefficient for the nonaerothermal oxidizer
addition ramjet for a constant thrust mission. The aerothermal rocket and
Moeckel cycle are represented by a single set of points in the figure. The
figure suggests that the nonair-breathing engines are superior for the lower
equivalent velocity increments, while the air-breather with no propellant
augmentation is superior for the higher increments. The exact value of the
breakeven velocity increment is conjectural because of the speculative
nature of the air-breathing engine weight estimate. But the general char-
acter of the curves and their trend with varying degrees of augmentation
are of a more fundamental nature.

The lack of an optimum for intermediate thrust coefficients suggests that
propellant augmentation may not be profitable as a prime mode of opera-
tion. However, the curves also suggest that it can be a means of obtaining
flexibility of operation at very little performance penalty. Propellant aug-
mentation can be used for thrust-level excursions for maneuvering and
glide energy management in the air-breathing system. It may also be useful
to eliminate the need for engine variable geometry, or to extend the oper-
ating range, as at high speed, without increasing the inlet size.

It might logically be asked how the combination of a rocket plus an
unaugmented air-breather would compare with the augmented air-breather.
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The dashed curves in Fig. 15 show this case. Since the assumed engine
weight is identical, the figure shows only the effect of a slight reduction of
the combined impulse of separate engines compared to a single augmented
engine. Therefore, the separate engines must be lighter in total weight or
show some operational advantage to be chosen over the augmented air-
breather for flexibility of thrust level.

The location of the points representing the aerothermal rocket and
Moeckel cycle in Fig. 15 suggests that aerothermal rocket augmentation
may always be profitable. If, as suggested by Dukes [11], the weight of a
convectively cooled airframe, including the coolant, plumbing, and pumps,
may be no more than the weight of an ablation- or radiation-cooled air-
frame, then the overall performance of an aerothermal augmentation
system is even better than this formulation would suggest. However, the
aerothermal component of the thrust is always limited by the considera-
tions of the last section.

REPRESENTATIVE MISSIONS

Let us now consider various representative missions and determine what
judgments we can make at this early date as to the likely powerplant
choices.

Glide Extension. As recoverable spacecraft and recoverable boosters
lead to lifting reentry, the problem of cross-range extension to reach

1.0
l I I _
O AEROTHERMAL ROCKET AND MOECKEL CYCLE
I1=1(C,),COLD OXIDIZER ADDITION
T/W, =0.50
08 k0.0l
z
o
5 OXIDIZER ADDITION AUGMENTATION
s | | W em———— SEPARATE ENGINES
w
~ 086
x
o
$
= F
& _Av-wogoormsee | - — )
E —
2 04 ]
5 ~ 72
S /
'3
Q_
4000
2 | deee== e e e e T
02 t
N |
N P e pp——
\\0‘
o

o 0.2 0.4 06 08 1.0 L4
C, ,THRUST COEFFICIENT

Figure 15. Effect of power plant and velocity increment on
total propulsive fraction.
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desired landing points will receive greater attention. While cross-range
extension can be obtained by increased lift-drag ratio at the cost of sig-
nificant structural weight, we should not overlook the alternative possi-
bility of gaining cross-range by direct propulsion. Of particular interest are
the aerothermal propulsion schemes to cool the airframe during reentry.

The required velocity increment for significant glide extension is not
large, perhaps 5,000 fps. The required thrust level is very low, probably
less than the drag.

The Moeckel cycle appears to be most attractive for this mission, perhaps
with moderate oxidizer augmentation. Provision for thrust reversal might
be very effective for increasing the ability to adjust the landing site if the
coolant flow cannot be shut off. If orbital retrothrust is required, the engine
could probably be converted to a pure rocket very easily.

Cruise. Another typical class of missions is represented by cruise at
constant speed in the atmosphere. The thrust-drag ratio is unity, and
higher thrust for acceleration is normally needed only in the initial accelera-
tion, where the cruise air-breather would usually have a thrust margin.
The installed thrust requirement is considerably smaller than that as-
sumed in Fig. 15, so the air-breathers excel for very moderate velocity
increments. The stoichiometric air-breather has a clear advantage for
practically all cases. Aerothermal augmentation is profitable if it costs
practically no airframe weight and if the engine requires less than stoichio-
metric flow for cooling.

Synergetic Plane Change. Certain space maneuvers between low earth
orbits, such as orbital plane change and phase change, can be accomplished
more efficiently by aerodynamic use of the upper atmosphere than by
direct space propulsion. The velocity lost to atmospheric drag must be
regained by some propulsive device to return to orbit.

This maneuver is representative of a large class of related missions.
Space propulsion is needed, which demands a rocket. Large variations in
thrust level are required. The required velocity increment is generally in
the middle range of the values shown in Fig.15.

The cooling problem is severe because the vehicle should plunge into the
atmosphere far below the equilibrium glide corridor. This suggests aero-
thermal propulsion schemes, which would lead to large thrust while in the
atmosphere. However, the dynamically preferred thrust schedule is to
allow the velocity to decrease during the atmospheric traverse and to
accelerate back to nearly orbital speed upon leaving the atmosphere. The
severe aerodynamic heating also makes the design of an air-breather
difficult.

The choice of powerplant for such missions cannot be made without more
detailed information. The rocket will probably be the best choice, with
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aerothermal augmentation worth considering. The effect of active cooling
on airframe weight will be a critical factor in the decision.

Boost. The last type of typical hypervelocity mission we will consider
is the boost mission. Usually this is a portion of the acceleration from zero
speed at sea level to orbital velocity at an altitude outside the atmosphere.
Of the missions discussed, this one can most clearly be performed either
inside or outside the atmosphere.

The required thrust level of the air-breather may be higher than that
assumed in Fig. 15, and the air-breather may also require more airframe
weight in heat protection than the competitive rocket vehicle. Therefore
the velocity increment for which our formulation gives the air-breather
the advantage would shift to an even higher value.

On the other hand, the velocity increment required by the mission is
extremely high. Also, this case is the most sensitive to the validity of the
crude assumptions we made for the engine weight and to the omission of
the variation of specific impulse with velocity. Therefore we must consider
the present analysis entirely inadequate to judge the boost case and
await more definitive weight estimates.

CONCLUSIONS

1. Many of the characteristics of hypervelocity chemical propulsion
systems can be adequately analyzed and correlated on a simple
velocity and energy basis.

2. Rockets, propellant augmented air-breathers, and aerothermally
augmented cycles may be treated profitably as a continuous spec-
trum of related chemical propulsion systems.

3. In an air-breathing engine at high flight speeds, the loss of available
kinetic energy of the captured airflow in the inlet and nozzle may
exceed the chemical heat addition. Good performance may be
regained if the flow processing losses can be reduced substantially
by resorting to supersonic combustion.

4. If the flow processing losses are kept small, the performance can
closely approach ideal energy conversion at any speed in the hyper-
velocity range.

5. Fundamental energy limits restrict high specific impulse per-
formance of the air-breathing engine to very low thrust coefficients,
making for heavy engines and engine-vehicle integration problems.

6. Higher thrust coefficients may be obtained at lower specific impulse
by the injection of additional fuel and oxidizer. The highest specific
impulse for propellant thrust augmentation usually is obtained
with a slightly fuel-rich mixture of fuel, oxidizer, and air.
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7. Propellant thrust augmentation of an air-breathing engine can pro-
vide operational flexibility, extend velocity range, and reduce
variable geometry requirements but probably cannot reduce total
propulsive weight as a prime operating mode.

8. Aerothermal thrust augmentation of both rocket and air-breathing
powerplants is clearly profitable in cases where active cooling does
not increase the airframe weight.

9. The degree of aerothermal-thrust augmentation available is subject
to certain upper limits dictated by Reynolds analogy and conserva-
tion of energy, and also to lower limits if the airframe cannot survive
the aerothermal environment without coolant flow.

10. A rocket-type engine capable of multimode operation as a con-
ventional rocket, Moeckel cycle, and aerothermal rocket is an
attractive combination for certain applications, giving simplicity,
flexibility, and high specific impulse.

APPENDIX A

SUMMARY OF ANALYTIC CYCLE ANALYSIS FOR
HYPERVELOCITY PROPULSION

The following is an abbreviated summary of the analytic method of
cycle analysis used in this paper. It is closely parallel in form to perfect-gas-
cycle analysis, to which it reduces at low flight velocity. Its chief charac-
teristic is that it makes enthalpy and velocity the prime variables of
analysis to replace the central position of temperature and Mach number
in the perfect-gas formulation. All the real-gas properties essential to the
analysis are contained in nozzle and inlet energy conversion parameters,
which occupy the same position in the analysis as the specific heat ratio in
conventional perfect-gas analysis, but which are redefined in such a way as
to make the analytical formulation exact.

In principle, these energy conversion parameters should be functions of
pressure level, temperature level, gas composition, nozzle-pressure ratio,
inlet-pressure ratio, and all other parameters of the cycle analysis. In
practice, they prove to have negligible relation to any parameters except
initial enthalpy and stoichiometry. Because of this circumstance and
because computed hypervelocity propulsion performance is only a weak
function of the numerical value of the expansion parameter, these parame-
ters may be picked by relatively simple correlation methods for most
purposes, or even assumed constant.
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To date, the method of analysis has been restricted to cycles with ideal
exit nozzle expansion and single phase, chemical equilibrium flow. Under
these conditions, the performance of a subsonic combustion ramjet engine
is described by

op(on—1)
Cr =2 ;[u +4+E)1+B)(1-D) <1 - [fig]w_n>]m— 1$
(1)
and
= —CrV 24)

()

Each nondimensional grouping in this equation has a physical meaning
as follows:

A = % nondimensionalized heat addition (34)
B = ij -: 0 mass addition term 44)
C = (1 —np) diffuser loss term (54)
D = (1 — 7.) nozzle loss term (64)
E = —2—%'7]?—0 thermodynamiec efficiency term (74)

The nozzle energy conversion parameter in the exponent is formally
defined as

ln (P4/P6)
- 84
% = Ia (Ps/Po) — In (Hy/Ho)s ®4)
The inlet-energy-conversion parameter is
_ In_(P3/Po) »
9 = In (Pz/l)o) — (h2/h0l) S ( )




AIR-BREATHING AND ROCKET ENGINES 971

Since the enthalpies are not relative but absolute values, we must choose an
enthalpy zero level. In principle, the choice is arbitrary in a correlation
scheme such as this. However, choice of the perfect-gas zero allows this
analysis to blend smoothly into perfect-gas analysis at low enthalpies.
Therefore, this choice is made. The constants given in Table 1 result.

Where high accuracy is required, values of these energy conversion
parameters are picked from the correlation curve shown in Fig. 14 using
the appropriate maximum enthalpy of the process and the appropriate
equivalence ratio for air-breathers without oxidizer addition. For mixtures
with substantial oxidizer addition and/or no airflow, the equivalence ratio
curve is chosen having the same mole fraction of excess hydrogen. This
approximation was suggested by Kushida [12]. Where the required accuracy
is lower, this graphical step in the analysis may be eliminated by choosing
constant values for the two energy conversion parameters more or less
arbitrarily.

For convenience in handling the supersonic combustion ramjet case, we
define the amount of diffusion by the additional parameter

2
£ = <b> = diffuser kinetic energy ratio (104)
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The performance of the SCRJ engine is then

Cp=2D(1+A+E')(1+B)(1—D)—(1+B)(1—D)[(1+A+E)

D@D
(o] ]
(V0 C+B T +5 -1 (114)

If supersonic combustion is to be worthwhile the diffuser and nozzle loss
parameters C' and D are no longer constants but functions of £ In this
analysis the relationship assumed is

C=(@1-¥§C (124)
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and
D=01- %D, (134)

where C, and D, are constants. This amounts to assuming a fixed thermo-
dynamic process kinetic energy efficiency for the expansion and diffusion
processes.

Since the fuel injection velocity is significant in the performance of the
supersonic ramjet engine, we will define the parameter

V,

¥ =3

(144)

If we now assume that the mixing and combustion occur at constant
pressure and the fuel injection is downstream, we eliminate the velocity
ratio from the equation and obtain

Cf=2|:2(1+A+E)(1+B)(1_D)_ (1+B)(1—D)[(1+A + E)

op(on—1) 1/2
1+ BYE—l/z)z]l: C+E ]vn(vl)—l)s 3 ]
= g ) e 1 (154)

Under the restrictions that op = ¢,, and assuming the terms of Egs. (34)
and (7A4) small compared to unity, a perturbation treatment extracts
first- and second-order terms as follows:

Cp=(A+B-C—D)—i(A2+B2+C2+D2)
+é(AB—AC—AD—BC—BD+CD—2AE)

- 1%5 (€ + E) [A + B — 2YE%) (164)

This relation is useful in understanding the approximate effect of the
various items.

In partial justification of the choice of velocity rather than Mach
number as the prime variable in hypervelocity engine performance, con-
sider Fig. 2A, where Fig. 2 of Dugger’s Ref. 2 is first reproduced and then
converted to an equivalent velocity plot. The subsonic combustion per-
formance curves for various altitudes are brought together within less than
the width of the lines of the original over most of their lengths, showing
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that altitude is a much weaker parameter than it appeared. This repre-
sentation also points up the fact that at a velocity of 3000 fps, the two
curves have the same impulse at different thrust coefficients, suggesting a
minor discrepancy. Similar reduction of the apparent altitude effect is

obtained by replotting supersonic combustion ramjet performance curves
such as those of Ref. 1.

ST LT LD

TS 3I3I3I 33
M > X 3 U

Caal

SYMBOLS

Description

engine thrust coefficient

inlet-loss factor (see Appendix, Eq. 12)
vehicle drag

exit-loss factor (see Appendix, Eq. 13)
fuel-air ratio

fuel-oxidizer ratio

propellant-air ratio

gravitational constant

static enthalpy

propellant (fuel) heating value
diffuser isentropic reexpansion enthalpy
fuel or propellant specific impulse
Joule’s constant

engine thrust-weight factor

pressure

propellant aerothermal heat
friction-heat-absorption fraction
engine thrust

velocity

weight

fuel-weight flow rate

fuel-injection velocity ratio

increment of

diffuser kinetic energy efficiency
nozzle kinetic energy efficiency
thermodynamic cycle efficiency
Moeckel cycle energy efficiency

aerothermal energy conversion efficiency

overall efficiency
frictional-drag fraction
diffuser kinetic-energy ratio

Unats

Ib

ft/sec?
Btu/Ib
Btu/Ib
Btu/Ib

sec
ft-1b/Btu
Ib/Ib thrust
Ib/ft?
Btu/lb

b
ft/sec
1b
Ib/sec
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¢ energy conversion parameter (see Appendix)

¢ fuel equivalence ratio

¥ oxidizer equivalence ratio

w thrust-drag ratio

Subscripts Stations
a aerothermal, air

D diffuser

e engine

f fuel, friction

7 ideal

n nozzle

0 unaugmented condition, full diffusion limit, initial
0x oxidizer

s constant entropy

st stoichiometric

v vehicular

Superscripts

*

coolant enthalpy limit, Reynolds analogy limit,
stoichiometry limit
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