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Thrust Deflection for Cruise

W. H. Krase*
The Rand Corporation, Santa Monica, Calif.

Introduction

HE use of thrust deflection to improve cruise range is

surely an old idea and one which has been investigated
numerous times. But it may be particularly applicable to
hypersonic airbreathing vehicles because of the combination
of two technical factors: the moderate lift/drag ratios of
hypersonic cruise vehicles and the low gross-thrust/ram-drag
ratios of hypersonic airbreathing power plants. Low lift/
drag ratios are known to make thrust deflection more ef-
fective, but the effects of gross-thrust/ram-drag ratio on
thrust deflection have not, to the author’s knowledge, been
discussed. It is the primary purpose of this note, therefore,
to indicate that hypersonic airbreathing vehicles may benefit
substantially from thrust deflection.
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Aibreathing engine {Scramjet)

Fig.1 Schematic of deflected rocket and airbreather.
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Fig. 2 Construction of thrust-component curves.

Discussion

The gross-thrust/ram-drag ratio (F,/F,) for a hypersonic
airbreathing power plant may easily be as low as 1.1 at Mach
10 or 12, and, although estimates are quite uncertain, it tends
to become still lower at higher speeds. Since this ratio is
close to unity for ramjets or supersonic-combustion ramjets
the vertical component of thrust, for a given deflection angle,
is larger for these engines than for a rocket power plant.
Figure 1 contrasts rocket and airbreathing power plants hav-
ing the same undeflected thrust under the same nozzle de-
flection angle. The essential point is that the gross thrust,
which can be much larger than the net thrust in an airbreather,
is the part that is deflected.
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Fig. 3 Combinations of L/D and F,/F, for which the
“optimum” deflection angle of Eq. (1) can be reached.

T A sketch like the vector diagram for the airbreather of Fig.
1 was given in a paper by G. S. Schairer, “Looking ahead in
VSTOL,” at the Eighth Anglo-American Aeronautical Confer-
ence, London, in 1961. Although his discussion made it clear
that the features considered here were appreciated, they were
not quantified and were not relevant to the subject under dis-
cussion there. )
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Fig. 4 Thrust required with deflection (at constant L/D).

Because power-plant performance is most conveniently and
conventionally specified for conditions of no thrust deflec-
tion, the achievable thrust components will be normalized
here by the undeflected net thrust (F.,) of a power plant
having the same capture area and thermodynamic param-
eters. Figure 2 shows that the net-thrust vectors for any
given gross-thrust/ram-drag ratio terminate on a circle arc
whose radius, on a plot of (Fy/Fr.) vs (Fe/F.0), is

F, _ _DyF,

Fro  (F,JF) — 1

centered to the left of the origin.

Thrust deflection could be used in a number of ways, none
of which will be analyzed completely here. It could be used to
decrease wing size and weight at a constant altitude or to
increase the altitude of a given vehicle. Here, we will assume
that the vehicle weight, speed, shape, and L/D are fixed and
then find the minimum thrust required when thrust deflec-

1.0

without deflection, £y/Puo
wn EN ~ oo o

=

w

Ratio of ambient density required with deflection to that required

Lift/drag ratio, L/D

Fig. 5 Ambient density required with deflection (at con-
stant L/D).
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Fig. 6 Capture area required with deflection (at constant
L/D (and same thermodynamic parameters.

tion is used. Thrust deflection under these conditions re-
sults in operation at higher altitude and, for airbreathing
power plants, requires a larger capture area (or larger cor-
rected thrust), although the thrust and fuel flow are de-
creased. The use of thrust deflection tends to increase engine
weight because of the higher capture area required, but the
engine-weight increase would be offset at least in part by
the reduced aerodynamic-heating load on the complete ve-
hicle as well as the engine. However, assessment of these
effects is beyond the scope of this paper. Here we will de-
termine only the reduction in thrust and fuel flow, and by
implication, the increase in range, achievable by thrust de-
flection, recognizing that engine weight or other design
factors may modify the results. No attempt has been made
to discuss stability or trim with thrust deflection.

The optimum nozzle deflection angle for a rocket under the
present simplified rules is given by

1

/D) 1)

tanfo, =

The same rule can be shown to apply for an airbreathing
engine: A force balance gives

D =F,cos8 — Iy (2)
W = L + F,sinb (3)

Combining these equations, solving for W, and dividing by
F, — F, (which equals F',.,) gives

w L/D [F
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Fy/F, .
FFy —1 sinf  (4)
Differentiating with respect to 8 and setting the derivative
equal to zero gives Eq. (1). But with airbreathing engines
this optimum angle cannot be reached for certain combina-
tions of L/D and F,/F., because at low L/D the “optimum”
angle may imply a negative drag (and lift). The maximum
deflection angle (which gives zero drag), from Eq. (2), is
given by

1

cosf = m
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Figure 3 shows the combinations of /D and F,/F, for which
the optimum angle of Eq. (1) is achievable. The line on
Fig. 3 corresponds to zero drag and lift. As it is approached
from the right, the required capture area increases very
rapidly. Even if the optimum angle of Eq. (1) cannot be
achieved, a substantial decrease in thrust is possible and can
be found by applying Eq. (4).

Figure 4 shows the reduction in thrust achievable using
the optimum deflection angle. Only cases for which an
optimum thrust can be found are shown, and some of these
are doubtless impractical also, as judged by the ratio of
engine capture areas required. Moreover, it is not clear
that required thrust should be minimized in a vehicle design;
other considerations such as engine weight and aerodynamic
heating also have an important bearing on vehicle design.
But in any case, Fig. 4 indicates that rather substantial de-
creases in thrust can be realized by using thrust deflection.
Figure 4 shows the minimum thrust/weight ratio achievable
with thrust deflection, normalized by the thrust/weight ratio
required for an undeflected installation as a function of
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L/D and F,/F.. TFigure 5 shows the ambient-density ratio
required for flight at the conditions of Fig. 4 (a measure of
the altitude increase with deflection), and Fig. 6 shows the
ratio of the engine capture area required with deflection to
that required without deflection (assuming the same thermo-
dynamic parameters).

The range increase that can be achieved with thrust de-
flection, under the present assumptions and neglecting possible
engine-weight increases, would be given by the reciprocal of
the thrust ratio in Fig. 4. Thus a vehicle with an L/D of
4, powered by an airbreathing engine with F,/F, = 1.1 and
using thrust deflection of 14° would have about 349,
greater range, would fly at an altitude about 15,000 ft higher,
and would require a capture area 529, larger than a vehicle
without thrust deflection.

Even at supersonic-transport cruise conditions, with £/D
=~ 8 and F,/F, =~ 1.2, a thrust decrease and range increase
of about 49, is possible with a deflection angle of 7.1°
The increased altitude would also tend to decrease the sonic
boom somewhat.



