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JET PROPULSION WITH SPECIAL REFERENCE TO THRUST AUGMENTORS

By G. B. Schubauer
SUMMARY

Thig investigation was carried out at the Bureau of
Standards at the request and with the financial assist-
ance of the National Advisory Committee for Aeronautics.

The purpose of the work was to investigate the possi-
bility of using thrust-augmented jets as prime movers.
The augmentation was to be effected by allowing the jet to
mix with the surrounding air in the presence of bodies
which deflect the air set in motion by the jet.

Previous work is reviewed briefly. It is pointed out
that propulsion by jets is fundamentally simple and there-
fore attractive, but because of its low thrust per horse-
power, it cannot compete with the engine~driven air-screw
propeller without augmentation.

Six augmentation schemes were tested experimentally
with compressed air at room temperature at jet speeds up
to 1,240 feet per second, The results show that a small
amount of augmentation is possible, but that the gain in
efficiency is far too small to make the jet a competitor
of the screw propeller.

INTRODUCTION

In its broadest sense, jet propulsion is the name for
that type of propulsion which is characteristic .of prime
movers designed to work in a fluid medium such as air or
water, or in empty space. In a fluid the jet may be com-
posed of the medium itself set in motion: by some mechani-
cal device such as a screw, In empty space the fluid must
come from within the vehicle itself, At one extreme we
find the air screw and water screw, and at the other the
rocket, Usage has eliminated air and water screws from
the class of jet propellers, and has restricted that term
to propellers in which the jet issues from nezzles. In
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particular, the term "jet propulsion" refers to propulsion
by means of high-speed jets of relatively small diameter
forced from nozzles by high pressure. Jet propellers in
this restricted sense have a low propulsive efficiency as
compared to the screw, because of the smaller amount of
fiuid from which propulsion is derived, To offset this is
the simplicity that results from creating the jet by means
of fluid under pressure, rather than by means of a moving
mechanical mechanism external to the vehicle,

It is hard to imagine any combination of heat engine
and propeller more simple and positive in its action than
a hollow cylinder with one end closed, thrust being exert-
ed on that end by gases ejected from fuel burning within
the cylinder. This is the simplest type of jet propeller,
namely, the rocket, Not all forms of propulsion by Jjets
of gas are as simple as this., There is another type in
which only the combustible material is contained within
the vehicle itself, the oxXygen to support combustion being
taken from the outside, Air is taken from the outside by
a compressor and mixed with the fuel carried within the
vehicle; and after the burning of the fuel in a combus-
tion chamber, the products of combustion are ejected rear-
ward through a nozzle., In the former type (rocket propul-
sion) the propulsion is derived from the acceleration of
gases from rest with respect to the vehicle to some final,
usually high, speed. In the latter, since the intake usu-
ally faces the wind moving past the vehicle, propulsion
results partly from the acceleration of air from: the ini-
tial speed at which it was taken in to a higher speed, and
partly from an acceleratien of combustible material from
rest with respect to the vehicle to the same final speed.
While this latter type may be far from simple, it is not
the jet principle that makes it complicated, but rather
the arrangements required to supply the oxygen for com-
bustion,

Probably because of its simplicity the jet propeller
has always been regarded as an attractive type of prime
mover. Experimenters, many of them in Germany, have tried
with varying degrees of success to use jets of gas for the
propulsion of land vehicles, light airplanes, and gliders.
(References 1, 2, 3, 4, 5, 6, 7.) Nearly all experimenta-
tion is directed toward one goal, that of propelling vehi-
cles flying through air or space. This type of work is of
value in contributing toward the development of rocket fu-
els and toward the proper design of vehicles for jet pro-
pulsion, but very little if any knowledge is gained there-




N.A.C.A, Technical Note No, 442 3

by concerning the jet principle and, in particular, the
efficiency of jet propulsion, At best it merely confirms
knowledge already obtained from the laws of thermodynam-
ics and aerodynamics.

The laws of heat engines and jet flow have been ap-
plied by a number of workers in this field to determine
the complete performance of the jet., (References 8, 9, 10,
11, 12, 13,) Deductions from established laws agree in
general with observed facts to within a few per cent;
whence it is well known to most experimenters that ordi-
narily the fuel consumption of the jet propeller is very
high for the propulsive force obtained, as compared with
the performance of an ordinary screw propeller driven by
an internal-combustion engine. However, those experiment-
ing with rockets justify their work by aiming to apply the
jet to the propulsion of airplanes moving at very high
speeds and to the attainment of these speeds at high alti-
tudes, where, because of both the sveed of the airplane
and the rarity of the air, the efficiency of a screw pro-
peller is much reduced. On the other hand, the propulsive
efficiency of a jet increases with the speed of advance of
the vehicle; and if the jet is formed on the rocket prin-
ciple, requiring no taking in of air from without, it is
independent of the altitude. It is therefore possible to
find, for any given altitude, a speed of flight at which
rocket propulsion has the same efficiency as screw propul-
sion, and above which the rocket method is the more effi-
cient. .In the limiting case of flight through free space,
where there is no surrounding medium for a screw to act on,
rocket propulsion is the only kind available.

It is generally believed that high speeds at high al-
titude will become important in future transportation.
If this is true, then jet motors or rockets will find an
importapt application, and experimentation of the kind we
have mentioned isg not to be regarded as useless.

The other application of jet propulsion, namely, the
propulsion of airplanes as they exist to-day, has been
shown by Buckingham (reference 8) and Roy (reference 9) to
be entirely unsatisfactory because of the vast superiority
of the screw propeller with regard to fuel consumption and
thrust. As computed by Roy, the speed at which an air-
plane must fly in order to be propelled as efficiently by
a jet on the rocket principle as it would be at ordinary
speeds by a screw propeller is about 8CO miles per hour,
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a much higher speed than is attainable at present. As pre-
viously mentioned, rocket propulsion has simplicity and
lightness in its favor. This may not be true of jet pro-
pulsion in general, where a heavy and complicated compres-
sor may be required., However, if the thrust of a jet could
be increased sufficiently without increasing the power re-
gquired, the jet might easily become a competitor of the
screw propeller as a prime mover. It is safe to say that
propulsion on the rocket principle would assume importance
if the thrust/power ratio of the jet were made the same

ags that of an engine-driven screw propeller,

PREVIOUS ATTEMPTS TO INCREASE JET THRUST

A few attempts have been made to increase the thrust
of a jet by combining it with auxiliary devices, One such
scheme, treated mathematically by Roy (reference 9), is to
combine the jet and the screw propeller and thereby take
advantage of the higher efficiency of the latter. Nozzles
are placed at the propeller tips and the jet reaction is
directed tangential to the helical path pursued by the tips
when the propeller is whirling and moving forward. In
this way advantage is taken of the greatest attainable
speed of the nozzles, which, as we have stated, is the
condition for maxinum efficiency. Roy, by a guite exhaust-
ive treatment, finds the arrangement inferior to that of
the ordinary engine~driven propeller. So far as the writer
knows, no experimental tests of such a combination have
been made. The essence of the scheme is a simplified gas
turbine of the reaction type. As such it has those me-
chanical limitations which so far have hindered the devel-
opnent of gas turbines. (Reference 10,) Strictly speak-
ing, such applications of the jet belong rather to the
field of gas turbines than to true jet propulsion, How-
ever, any modification of the jet, no matter how far it
departs from simple reaction propulsion, will be welcomed
if it yields the desired results,

Another scheme, which is perhaps more often suggest-
ed than any other, is that of surrounding the jet, after
it leaves the nozzle, with guide rings such as are shown
in Figure 1. Included in this class of augmentors is the
Venturi tube, which amounts simply to a ring with an exit
cone., The only work done on this type of augmentor seems
to be that by Mélot (reference 14) some years ago, and lat-
er tests of M&lot's augmentor by Jacobs and Shoemaker at
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the Langley Memorial Aeronautical Laboratorye. (Reference
23,) M@lot's original augmentor is shown in Figure 1.

The sketch here shown was copied from the report of the
work of Jacobs and Shoemaker and is like the one shown in
Melot's sketches. Mélot reported satisfactory results

from this augmentor when used on an intermittent jet pro-
duced by the exhaust from a combustion chamber in which

the explosive mixture had been compressed by a freely mov-
ing piston. TFor more details the reader is referred to
reference 14, More definite results are reported by Jacebs
and Shoemaker from tests made with a steady jet of air at
room temperature, Their tests showed a maximum thrust of
nearly l.4 times the theoretical free-~jet reaction, at 90
pounds per square inch ga@ge pressure., They also tested
separate parts of the augmentor and found that the Venturi
tube made the greatest contribution to the increased thrust,
The conclusion which they drew after testing modifications
in size and arrangement was that the increase in thrust

was in every case too small to make the jet feasible as a
prime mover in competition with the engine-driven screw

propeller,

The writer knows of no other type of augmentor ei-
ther suggested or tried., The simplicity of the jet sug-
gests that only a limited number of augmenting processes
can exist; and further limitations are imposed if the
simplicity of jet propulsion is to be preserved, However,
it seems unlikely that the schemes already investigated
have completely exhausted the possibilities,

THE PROBLEM

The problem of increasing the thrust/power ratios of
a jet centers upon the jet itself, for the thermal effi-
ciency of a nozzle in giving kinetic energy to the jet is
from 10 to 15 per cent higher than that of the internal-
combustion engine in producing mechanical energy under the
same thermodynamic conditions, As indicated earlier, the
kinetic energy of the jet can be converted to propulsive
work by allowing the jet reaction to move the nozzle, the
amount converted being proportiondl to the speed of the
motion, At ordinary airplane speeds, say 100 miles per
hour, about 8 per cent of the kinetic energy of a jet
with a speed of 2,500 miles per hour (roughly the speed
of a jet eorresponding to the temperature and pressure
found in the ordinary internal-combustion engine after
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combustion) can be made useful in this manner, The remain-
ing 92 per cent stays in the jet after it leaves the noz-
zle and is available for further gain in useful work if
means are provided for its conversion, In the application
to airplanes, with which this paper is mainly concerned,
the forward speed will be regarded as the same as the
speed of the airplane since we shall not consider the case
where nozzles are mounted on propeller tips, With this
speed fixed, the only other variable at our disposal to
increase the useful work is the propulsive force. This
depends entirely upon the momentum of the jet and of the
fiuid set in motion by it. A greater force can result
only if this momentum is increased; and consequently, if
the jet is to produce greater propulsive force by 1ts ac-
tion on surrounding objects, this momentum must be in-
creased thereby, The kinetic energy in the jet, repre-
senting 92 per cent of the total energy in the above ex-
ample, is normally dissipated without change of momentum,
the average speed decreasing, and the mass of air in mo-
tion increasing, in such a way that the product remains
constant. The problem of thrust augmentation is to trans-
fer the enerzy to a still larger mass of air ia an effi-
cient manner, so that the momentum is increased. This

¢an be done, if at all, oaly by material surrounding ob-
jects exerting a force on the air, the reaction to which
constitutes the thrust augmentation.

_ It is a very convenient fact that changes made in the
jet after it leaves the nozzle do not affect the reactive
force arising on the interior of the nozzle unless the
change is in the nature of an obstruction which blocks the
air passage very near the nozzle, Therefore additional
force may be obtained from the action on neighboring ob-
jects of the fluid set in motion Dby the jet without im-
pairing the original reaction.

ORIGIN OF THE PRESENT WORK

In view of the advantages of the jet as a prime mov-
er and of the fact that the number of types of augmentors
already investigated is small, an experimental study of
thrust augmentors for jets was started at the Bureau of
Standards in October, 1930, with the financial assistance
and cooperation of the National Advisory Committee for
Aeronautics. The purpose of the study was to investigate
a large variety of schemes, The program was an ambitious




N.,A,C.A, Technical Note No. 442 7

one, including all the schemes suggested Dy members of the
staff in the light of present-day knowledge of jets, No
attempt was made to refine the devices, since-this would
have required more time than was available for the problem,

GENERAL DESCRIPTION OF EXPERIMENTAL WORK

AT THE BUREAU OF STANDARDS

Nozzles and augmenting devices upon which tests were
conducted were mounted in the 3-foot wind tunnel of the
Bureau of Standards, The jet was supplied by air from a
compressor outside the tunnel, Everything outside the
wind tunnel may be regarded as the interior of a wvehicle,
and the mozzle in the tunnel as attached to the wvehicle,
If we wish to regard the vehicle as moviag, we may think
of its motion relative to the air in the tunnel., Since
the intake of the compressor was not in the tunnel, the
material constituting the jet was supplied from within
the vehicle itself. We have then a case analogous to the
rocket type of propeller in which the propulsive force is
the result of an acceleration of mass from rest within
the vehicle,

In the present work we are interested primarily in
the thrust produccd by the jet per unit of power, Effi-
ciency of propulsion, usually defined as the ratio of
power absorbed in the motion of the vehicle being pro-
pelled to the power supplied to the propelling systemn,
has a meaning only when referrod to the rate of motion of
the vehicle. When in our experiment we have measured the
thrust per unit of power, we have merely to multiply this
gquantity by the speed of the wind relative to the room
(referring to the foregoing analogy) to obtain the effi«
ciency of the jet,

It was necessary to simplify the experimental work
by using compressed air at room temperature to supply the
jetses This procedure is doubtless allowable in compara-
tive tests and should yield absolute values of sufficient
exactness to indicate the usefulness of practically applied
heated jets, (Reference 19,) The nozzles Were small
(about one-fourth inch in diamneter) because of the limit-
ed supply of compressed air, and the augmentors were cor-
respondingly small, With our very neager knowledge of
scale effect (reference 20) we cannot say whether jets
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enough to propel airplanes would yield similar results.

The tests involved, in general, three determinations:
(1) the reaction of the free jet was either measured or
computed from the applied pressure; (2) the total thrust
with the augmentor was measured; and at the same time (3)
the mass flow of the jet and the pressure causing it were
2l so measured, These give enough data for comparing thae
propulsive force of the augmented jet with that of the
free jet at the same power.

THE APPARATUS

All forces were measured on the inverted type N.P.L,
balance of the 3-foot wind tunnel of the Bureau of Stand-
ards, The ordinary balance spindle was replaced by a tube
which served the double role of compressed air lead and
model support. Details of the arrangement are shown in
Figure 3. Compressed air was conducted to the balance by
a l-inch, thin-walled, flexible rubber tube wrapped witha
enough ordinary friction tape to withstand the pressure
(maximum 25 pounds per square inch, gage). The position
of the tube is shown in the photograph. (Fig. 2.) It was
so chosen by experiment that a pressure applied to the
tube caused no deflection of the drag arm of the balance.
In weasuring forces along the axis of the tunnel, it was
possible by wusing a null method, to eliminate entirely
the effect of the flexible lead. In measuring forces at
right angles to the tunnel axis, the effect of pressure
in this flexible lead could not be eliminated with the
tube in this position; but the effect was small as com-
pared to the 1ift forces obtained on the models in which
the 1ift was of interest, and was neglected. A small
flexible tube, the position of which did not affect the
balance reading, connected a small copper tube extending
to the model in the tunnel to another running to a mercu-
ry manometer for measuring nozzle pressures, A fluid me-
ter of the orifice type inserted in the compressed-air
line at a convenient place was used to measure the guan-
tity of air flowing from the nozzles, All forces were
measured by means of a pendulum-type balance.,




Neold, Cailha Fachtiieal sNote Noe 442 ]

THE FREE JET

Computation of jet performance.—~ The reader may find
various phases of the thermodynamics of jets treated in
references 8 to 13, lnclusives Here it is suffiecient
merely to state and interpret those relations useful ia
the present work, since their derivation may be found in
most text books on engineering thermodynamics,

Notation,~- The notation to be used is collected below
for reference,

P,s absolute pressure of the gas before expansion,
in pounds per square foot.

P, absolute pressure of the gas after expansion, in
pounds per square foot.

T, , absolute temperature of the gas before expansion,
in degrees C.

‘R, gas constant (96,03 ft-1lb., per 1lb. per degree C.).
. acceleration of gravity (32.17 ft. per sec.2).

K, specific heat ratio (1.4 for air).

A, cross—-sectional area of the mouth of the nozzle,

in square feet,
da, diameter of fluid meter orifice, in inches.

P, density of the gas upstream from the orifice of
the fluid meter in pounds per cubic foot,

Ay pressure drop across the orifice of the fluid
meter in pounds per square inch,

G hydraulic discharge coefficient.
3% theoretical jet speed produced by adiabatic ex-
pansion from the pressure P, to P, in feet

per second.

M;, theoretical mass flow of the jet produced by ad-
iabatic expansion from the pressure P, to P;,
in slugs per second.,
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M, mass flow of the actual jet as measured by the
fluid meter, in slugs per second,

By theoretical reaction of jet of mass flow M and
speed S.
e power required to produce the jet, in foot-pound

per second,

Pn, power required to produce the jet, in horsepower.

Rtp, tvhrust-power ratio, in pounds per horsepower.

here are true for the following conditionst

1., The nozzle is designed to allow complete expansion.

2. The kinetic energy of the gas approaching the noz-
zle is zero.

3., The expansion takes place adiabatically and with-
out frietion.

The theoretical speed of the jet is given by (1).

e

! T il
i e ey

/
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|

The speed §, as computed by formula (1) is the uniform
speed of an ideal jet. Owing to friction, the actual
speed is not uniform; it is reduced near the boundary of
the jet. But the average of the actual speed, taken over
the entire cross section of the jet, is usually only a
few per cent less than S. The actual speed was not meas-
ured; hence all later references to jet speed will mean
theoretical speed as computed by formula (1) .

hen = 0,528, § 1is equal to the speed of sound

et

P B
at the temperature of the jet. If ;§-< 0,528 the nozzle
must have a diverging exit cone if the expansion of tae
gas is to be complete and the speed of the jet is to De
greater than the speed of sound, In order to allow for
flexibility in the choice of pressures, the nozzles used
in the present work were of the converging type with a
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cylindrical exit which did not allow complete eXpansion

n Da
of the gas for 5 < 0.528, Hence when such pressure ra-

L
tios were used, the nozzles became inefficient and formu-
la (1) was not exactly applicable. The actual jet speed
for this type of nozzle cannot exceed the speed of sound.

The theoretical mass flow through the nozzle is given
" (2%

/ i
o Bilg
s 5. & J (X - 1) g T, {F > ( > bt

Formula (2) like formula (1) is inexact whenever

D 3

5—-< 0284y Because of f¥iction, M; has a greater value
18

than is actually observed for a jet of gas.

The actual rate of mass flow M was measured by a
fluid meter. For the fluid meter used in the present
work, M 1is given by (3).

M = 0.016382 ¢ d°,/ P A

The value of the discharge coefficient C, depends upon
the location of the pressure taps, upon the value of 4,
and to some degree upon the value of A. For more details
on fluid meters and their coefficients the reader is re-
ferred to reference 21. The values of C wused in the
computations were taken from that paper.

The theoretical reaction, in pounds, of a jet of uni-
form speed. § ft,/sec., whose rate of mass flow is M

slugs/sec., is

F = M S (4)

and the power in ft-1b./sec. required to produce tuis
jet is

P = 4 u¢° (5)

gy IRhotisapowery,
e St B ’
S (8)
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The theoretical thrust-power ratio in pounds per horse-
power is given by the expression

) ¥S 1100
R = Raaw = =
tp T P us*® S (7)
1100

As previously mentioned, a jet with a mass flow Mg
never exists. Since we are always dealing with a real
jet, we are interested in obtaining the greatest possible
reaction corresponding to the actual mass flow and a given
initial pressure for the energy required to produce the jet
is determined by these two quantities. Hence formulas (4),
(5), (6), (7), all embodying M, represent the maximum
performance that can be obtained for a given energy. The
reaction F, 1is the ideal reaction of the existent jet,
and is the reaction of a jet which requires for its main-
tenance the power P, Measured reactions must always bve
less than F YDecause the average true speed is always
less than S; the amount by which the measured reaction
is less than P 1is egual to the axial component of frie-
tional force integrated over the nozzle, hile the power
P 1is required to produce the jet, the power in the jet
as it leaves the nozzle is not P, but something less,
because of the frictional losses in the nozzle.

Formula (2) is useful in estimating the magnitude of
these frictional losses in the nozzle, especially in those
cases where augmenting devices are used, By combining
formula (2) with formula (4) to give the ratio M/M; for
a given initial pressure P,, an indication is obtained
of the nozzle losses, since M/Mj increases as the fric-
tion loss diminishes and approaches unity as the loss ap-
proaches zero, This ratio will be termed the efficiency
of the nozzle. g

Experimental results.- Throughout the paper the free
jet will be made the basis of comparison for all augmnented
jetss PFigure 3 is a diagram, drawn to scale, of the 1-
inch L-tube running from the N.P.L., balance above the wind
tunnel to the center of the tunnel. A nozzle, shown in
the same figure, was soldered in the end of the L-tube.
This nozzle will be called the ordinary nozzle, A pres-
sure tap was placed 3 inches back of the orifice and was
connected to a mercury manometer as described earlier,

A11 types of jets and augmentors were attached to tubes
gimilar to the L-tube shown In Figure 3,
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The reaction of the jet at various pressures was
measured on the balance while simultancously the pressure
applied 3 inches behind the orifice and the rate of flow
of air throuzh the orifice were mcasured by the mercury
manometer and fluid meter, ZFrom the observed pressure
and temperature of the air before reaching the nozzle the
theoretical speed, mass flow, reaction, and horsepower of
the jet were calculated by means of formulas (1), (3),
(4), and (8), respectively.

A number of tests of the ordinary nozzle were made,
all of which showed good agrecment, llaximum forces were
about 1 pound at a differential nozzle pressure of about
23 pounds per square inch. An average of the results of
two runs is shown in Figures 4, 5, and 6, Figure 4 shows
the variation with jet specd of observed reactive force in
pounds, In Figure 5, curve (a) shows the variation with
jet speed of the observed reaction, and curve (b) that of
the ideal reaction, each in pounds per horscpower, Curves
(a) and (b) are in good agrcement, Tae ratio of observoed
force to the ideal force as given by formula (4) is a meas-
ure of the reaction lost bthrough nozzle friction. =Xilgure
6 shows the variation of this ratio with jet speed. The
ideal reaction is represented by the straight line par-
allel to the speed axis and of ordinate unity. While the
observed curve for a free jet can never have ordinates
greater than unity, the curve for an augmented jet may
lie either above or below the straight horizontal line,
depending upon whether the augmentor is beneficial or the
reverse, The position of the augmented curve with rela-
tion to the straight horizontal line is the best indica-
tion of the value of the augmentor,

A wind in the tunnel would not be expected to have
an effect upon the reaction of the jet since, as was
pointed out earlier, the reaction of a free jet is very
nearly independent of the surrounding medium and its state
of  motion, TFiguye 7 in which reaction curves! for various
wind speeds are given shows this independence by the fact
that the curves are all parallel. The displacement of
the different curves from that for zero wind is the drag
of the L-tube by the wind,

In a diagram such as Figure 6, it is possible to draw
a curve below which that for an augmented jet may not fall
if it is to equal the performance of the screw propeller.
The ordinates of that curve will be the ratio of the re-
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action (4.5 pounds per horsepower) for an ordinary screw
propeller, working statically, to that (formula 7) for
the ideal free jet: hence, the equation of the curve is

T .= OuD0AL 8 (8)

This line is shown in Figure 8, the scale of Figure 6 be-
ing unsuitable for its satisfactory representation, The
line at unit ordinate of Figure 6 is redrawn in Figure 8,
It is apparent that below a jet speed of 245 feet per sec-
ond the jet requires ne augmentation, However, at such
low speeds the thermodynamic efficiency of the jet work-
ing as a heat engine is below the practical limit, At
higher speeds the augmentation required to secure equali-
ty is the numerical value of the ordinate of this line.
For example, if the jet is produced by gases at 7 atmos-
pheres and 1,200o Cey as may be the case if the gases are
produced by combustion, then the ideal jet speed (formula
1) will be about 3,700 feet per second, which corresponds
to ¥ = 1542, approximately. That is, when such a jet

ig working at its best, the augmentor must multiply the
thrust by a factor exceeding 15, This is a severe require-
ment,

The discussion in the last paragraph assumes that the
thrust at a given jet speed is to be made equal to that of
the ordinary screw prope’ler, It is possible that jet
propulsion might be considered advantageous with a smaller
augmentation,

PRINCIPLES OF AUGMENTATION

To determine what may be done by way of augmentation
and how augmentation may be accomplished, it will be help-
ful to examine the free jet in detail., For this purpose
the jet will be regarded as a stream of fluid passing from
a condition of high pressure through an appropriate nozzle
of circular section into an outer medium of lower pressure.

The classical treatment of an inviscid and incompressi-

ble jet is of importance in our problem because of the

light which it throws on actual conditions., Classical hy-
drodynamics describes two distinct and totally different
forms of the jet, The first of these is the type in which
the flow is continuous, with the stream lines spreading

from the end of thae nozzle in all directions like the flow
induced in a quiescent medium when a long cylindrical body
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moves endwise through it, the flow being seen by a sta-
tionary observer, The end of the body corresponds to the
orifice of the nozzle and the body proper to the cylinder
of fluid moving through the orifice, In this case the
speed and pressure both fall with increasing distance from
the orifice., The second type of flow treated by classical
hydrodynamics requires discontinuity between the jet and
the surrounding medium, the jet having the form of a cyl-
indrical column of fluid moving through the surrounding
medium without disturbance. The boundary of the jet is a
surface of slip where the velocity gradient is infinite.
The speed of the jet is constant and equal to its speed

at the orifice and the pressure in it is constant and
equal to the pressure of the surroundings..

Conditions are, however, quite different in a real
compressible fluid with viscosity, such as air, Neverthe-
less, points of similarity between the ideal jot and the
jet of real fluid do appear, Dorsey (reference 17) has
remarked that a jet of liquid at a low velocity corre-
sponds to the first type of ideal jet; at higher veloci-
ties a stem in which the flow corresponds to the second
or nonspreading type develops under a mushroom-like head,
Motion pictures of air flowing through nozzles (reference
18) show that the spreading type of flow exists for a very
short period of time and that the cap-like formation of
spreading flow never extends outward a distance greater
than the diameter of the orifice. As soon as the cap ap-
pears it begins to curl inward at the periphery and to
form into & ring vortex which is carried along near the
head of the jet. At the speeds with which we shall be
concerned, a continuous jet whether liguid or gas consists
of a stem topped by a ring vortex; the stem is similar to

Amfh@ﬂsecond type of ideal jet, that is, to a nearly cylin-

driead column of moving gas with a steep veloclty gradi-
ent ;%\¥h\ boundary. Motion is induced in the surround-
ing medigz\@y the friction between the jet and the mediun,
The transverse velocity gradient is found to decrease as
the axial dilstance from the orifice increases, the region
of influence reading and the jet being retarded more and

more by the contigued action of friction. (Reference 19.)

At high speeds, \such as are encountered in jet pro-
pulsion, a probable picture of the jet bouvndary is that
of a turbulent sheath \separating the jet from the sur-

rounding mediun., The §Q§§th, according to the view of
2

Lord Kelvin (reference , 'consists of a series of ring
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vortices following one another in rapid succession and
acting like rollers between the jet and the medium next

to it., We know that turbulence exists, but it is probably
not as orderly as this picture might lead one to believe.
Owing to the turbulence, there is a certalin amount of mix-
ing between the jet and its surroundings, which mixing as-
sists in the acceleration of the medium adjacent to the
jet., Because of this mixing there is no definite surface
of separation between the jet and the surroundings, the
sheath being made up of fluid from the nozzle and from

the outside, As the jet recedes from the nozzle the tur-
bulent sheath thickens. The fluid which isswues from the
nozzle is sometimes referred to as the'"core stream,!" and
the induced flow in the surrounding medium as the "jacket
stream." This terminology will be adopted here, together
with the term "turbulent sheath," to denote the turbulent
intermediate region comprising portions of both core and
jacket, The reaction on the nozzle arising from the ac-
celeration of the core will be termed "core reaction."

A free jet will be defined as one whose only reaction 1is
core reaction, and an augmented jet as one used in con-
junction with devices to change its momentum.

All of the energy imparted to the air must come
from the energy of the jet. True augmentation can be se-
cured only by making use of energy imparted to the air
that would otherwise be lost. The use of devices near
the nozzle which impede the flow and increase the pressure
within the combustion chamber does not give true augmen-—
tation since additional power is required to produce the
jet., It is helpful to examine the motions of the core
and jacket streams of a steady air jet, the energy of.
which may be utilized for augmentation.

The most apparent motion i an axial one which Ig ini-
tially imparted to the core oy the pressure in the nozzle
and which is later given to the jacket by frig¥fion and
turbulent mixing. A closer eXamination of tnzﬁpicture
previously given will show that other motions ean and do
exist, One of these is the rotaty motion of/ the eddics
which make up the turdbulent sheath, and Eﬁfgh embodies
additional energy. Another motion prefent is that normal
to the jet axis consisting of the inflew of air to replace
that carried downstream by the jebts/ Finally there is the
molecular motion resulting from theg decay of all othér wmo-
tionse The energy of this molecullar motion cannot be re-
covered in the form of mechaniggffenergy,

1'/
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The energy of these motions can be utilized to secure
augmentation only by the use of devices which direct the:
induced motions in a direction that is parallel fto the
axis of the jet and a large augmentation can be secured
only by at the same time distributing the energy through
as large a mass of fluid as possible, The redirection of
these motions can be done by suitable systems of guide
vanes, and the augmentation of the thrust will appear as
pressure changes on the vanes, The friction of the vaunes
with the air will, of course, limit their effectiveness
and introduce a factor of uncertainty difficult to esti-
mate.

While no physical device can be made fine enough in
structure to direct the random distribution of momentun
among the molecules, it might be thought that a system of
guide vanes could be devised which would break up vortices
and convert their angular momentum into linear momentum.
But when we realize that the distribution of eddies is en-
tirely random and that the turbulence may be so fino as
to require guide vanes as small as those appropriate to
the directing of molecular motions, it becomes evident
that both the directing of molecular and of turbulent mo-
tions must be regarded as impossible. As these motions
represent energy that is lost in so far as it is not avail-
able for propulsion, any arrangement which will reduce
eddy formatiom and friction loss in mixing will increase
the strength of other motions.

Angther apparent possibility of augmentation lies in
the directing axially of the normal or influx motions of
the fluid in the jacket. Here we are dealing with dulk
flow rather than with microscopic portions of fluid and
the required size of the vanes is not prohibitively small.
It is required merely that the vanes be so placed in the
normal flow and have such shape, size, and orientation as
will effectively change the direction of the flow from
normal to axial, and distribute the energy through a suit-
able mass of fluid., Mé&lot's augmentor (fig. 1) is of this
type. It rests upon a sound basis in the Lisehty ofy,our
analysis and seems to hold inviting possibilities.

The Venturi tube, too, falls into this class of aug-
mentors, in so far as their entrance cones are annular
vanes. The question arises as to what function, if any,
the exit cone of the Venturi performs, Previous work not
only in propulsion but in the general use of Venturi tubes
to increase the flow about jets (reference 22) would indi-

s
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cate that the addition of an exit cone to the annular wvaae
makes it possible for the jet to induce a greater flow.
Nothing in our analysis so far has predicted this, Ve
must, in fact, look beyond the jet, to the characteristics
of Venturi flow to find a reason for the observed effects,

Figure 9 shows a Venturi tube in which, for simplic-
ity, the end sectional area of the entrance cone is made
equal to that of the exit cone. These areas are denoted
by A, and A,, respectively. The throat area is de-
noted by A, A <A, or A,, When a jet passes along the
axig of the Venturi, as shewn in Flgure £, air surrouading
the jet but within the tube will be given a motion paral-
lel to the axis by frictional forces, The axial speed
of the air in the tube will tend to have its maximum val-
ue in the throat, decreasing to some lower value at the
ends, because of the characteristics of Venturi flow. The
jet, however, by its accelerating action in the exit cone
tends to change the characteristics of the flow in such a
manner that the speed at A, is higher than it would have
been had the jet action been absent, As a result, the
speed and the rate of flow of air through A, tends to De
increased., Consequently, more air must flow into the Ven-
turi from the surroundings at the entrance end., This in-
flow must in turn be deflected axially by the entrance
cone, and the propulsive force arising from a favorable
pressure distribution here will be increased thereby in
proportion to the flow increase resulting from the action
of the jet in the exit cone. The Venturi tube in this
case acts to increase the inflow, transferring the ener-
gy of the jet to a larger mass of air,

Guide Rings and Venturi Tubes

Returning to the ordinary type of nozzle, let us in-
guire into its use with guide rings and Venturi tubes.
The variations in size and shape of rings and Venturis
used may be seen in Figures 10 to 17, iost of these yield-
ed no improvement whatever over the free jet; and some, by
the disturbance which they created, actually lowered the
resultant force. Since from the examination of the jet a
wind does not appear to be essential to augmentation, we
should not expect a wind to make the results more favor-
able, In fact, if a device of this sort were found to
yield a satisfactorily high augmentation, there would still
remain the question of its utility in the propulsion of a
vehicle because of the relative wind set up by the motion
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of the vehicle., The drag of the augmenting device by the
relative wind might partially or totally neutralize its
propulsive force. An increase in static thrust is neces-
sary, but not sufficient to insure the success of the aug-
mentor. It is useless then to test a particular ring or
Venturi in a wind unless it merits the test by its high
static thrust. None were found to merit the test. How-
ever, to settle experimentally the question of the de-
pendence of augmentation upon the wind and to determine

in a general way the drag of the Venturi type of augmentor,
wind test of the Venturi shown in Figure 16 was made,

The augmentor was usually held by a support with a
spring clip which slipped over the horizontal part of the
L-tube of Figure 3, Removals and adjustments were easily
made by sliding the clip over the tube. The eXperimental
procedure was to measure the reaction of the free jet at
a2 given nozzle pressure, then at the same pressure to make
measurements with the augmentor in place at various dis-
tances from the nozzle, The thrust was a function of this
distance, the maximum being found from curves like the one
shown in Figure 18 for the Venturi of Figure 15d, The
ratio of the maximum total force to the free reactiom is
thus obtained directly from those observations. The ratio
of the maxXximum total thrust to the ideal reaction was then
calcilated by multiplying the preceding ratio by the ap-
propriate small numerical factor obtained from Figure 6.

The second and third columns of Table I give the free
jet reaction and the maximum total thrust, respectively,
for the augmentor indicated in colunn 1, The fourth col-
umn gives the ratio of maximum total thrust to free jet
reaction, and this ratio multiplied by the ordinate of
Figure 5 corresponding to the jet speed indicated furn-
ishes the corresponding number in column 5, which is the
ratio of the maximum total thrust to the ideal reaction,
The values in column 5 fit into such diacrams as Figures
6 and 8,

The slotted diverging cone, or series of Venturis,,
shown in Figure 12, yielded a total thrust far below the
reaction of the free jet. The jet was found to fill the
cones only partially and to cling to their sides. It is
probable that the alignment of the separate Venturis with
the nozzle must be very exoct, if they are to act effi-
ciently. Since proper adjustment was never obtained, the
results are not given in Table I,
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TABLE I. TERUST AUGHENTATION OF ORDIWARY NOZZILE

7ITHE GUIDE RINGS AYD VENTURI TUBES

11

jFree jet |Maximum Total thrustlTotal thrust
a i tot .
74 euEdh Ereigtlon tgritt Free Jjet | Ideal re-—]Ideal jet
: g R reaction action |  speed
| i
| augmentor | - £t /sec.
| 15, l '
10 | 0,0906 | 0,0906 1,00 L 0pd8Y ‘ 435
b @808 288 o | 996 | 996 | 736
| +465 . 465 1,00 | ,990 } 908
| .662 .653 .987 | L971 . 1,030
AT .794 | 1,00 ; . 981 | 1,120
| +952 . 947 ,984 | .965 ' S0
T 1,078 1,008 ! .995 | 1,240
| | 7
11 | 40906 ! \906 | 1.00 { (087 . T dBh
L 993 0993 3 735
465 | ,463 sER | «987 i 908
0662 | .629 .950 | , 934 | 0B
| 786 785 ,988 | 969 | 1,120
| aiie | BE6 | .995 | 980 | 1,190
b BEDTR .. Le086. 986 | 977 | 1,240
. | | |
Largest | | | {
ring of | i ‘ | |
1.06 | 1.07 | 1.01 i 1.00 1.240
Figure ! | |
10 : ! ! } |
{ j | 1 |
Largest | ; } | |
§1g§rgf | Nges . Ig0e | 1,03 | 1483 i 1,240
11 , | 3 i I
! ‘ ! ?
Interme—; i f |
diate | , !
ring of \ 1508 L » 2l ; 1,0} 1.00 1,240
Figure | '
1812 ! E
| | |
Smallest! | ]
. | !
;igirgf 1 1,06 T 1,01 1,00 1,240
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OF ORDINARY NOZZLE

WITH GUIDE RINGS AND VENTURI TUBES (Contd.)

Free jet |Maximum Total thrust|Total thrust
reaction| total ! .
Figures 1%. thenat Free jet Ideal re- |Idesl jet
with reaction action speed
augmentor ft./sec.
1b L] e Rl T
12 - - = = =
e - 6215 631 i P 1.00 990
14 « 6&1 666 1.085 1.045 990
15a 1,06 1.12 1.094 1.084 1,240
15b 1:086 1.18 1,31 1,30 1,240
15e¢ 1.06 L.E35 i Y 1 506 1,240
r'sd 1306 1135 1,0% 1.06 1,240
15e 106 1.14 15075 1.065 1,240
16 SUTL B 0o 1.00 « 987 435
.288 298 1.0358 1.035 736
465 .485 1.043 1.033 908
. 630 .666 1,0p7 1.040 1,030
. 782 . 848 1,084 1.063 ¥, 280
. 940 1.008 1,074 1 05% 1,190
il 01515 1,130 1.0%) 1.061 1,240
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Figure 19 shows that in the case of the Venturi of
Pigure 16 the effect of a wind upon augmentation is null,
tae successive curves being merely displaced from that of
zero wind by the drag of the Venturi, its mounting, and the
L-tube by the wind.

The drag curve of Figure 20 showing the contribution to
the drag made by the Venturi of Figure 16 in the presence of
the L-tube was obtained by subtracting the ordinates of a
drag curve for the L-tube alone from those of a similar
curve for the L-tube with the Veanturi attached. From this
curve and Table I we see that the small beneficial effect
of this particular Venturi at a jet speed of 1,240 feet per
second would be completely destroyed in a wind of only 40
feet per second. If we take this as an indication of the
dreg of rings and Venturis in general, we may conclude that
wirile this type of augmentor is far from satisfactory stat-
ically it is even less so when we consider its ability to
propel with speed.

The Melot type of augmentor tested by Jacobs and Shoe=~
maker zave much better augmentation than any of the types
tested here, but at higher jet speeds. Jacobs and Shoemaker
find an auvgmentation as compared with the theoretical thrust
of a free jet of nearly 40 per cent at a speed of about
1,700 feet per second. Even at the greater speed, the aug-
mentation is insignificant as compared with the sevenfold
value (fig. 8) demanded for equality with screws. In the
present work speeds were limited by the equipment to about
1,240 feet per second, at which speed an augmentation of 10
per cent was obtained with the arrangement shown in Figure
15b. This value is considered to agree satisfactorily with
correspondingly low values obtained by Jacobs and Shoemaker
at the lower speeds.

Annular Jozgzles

The annular nozzle with a flat-ended core shown in Fig-
nre 2la gave very poor results when nsed free and was not
considered worth combining with augmentors. Adding a tail
to the core (fig, 21b) considerably increased the force,
but the nozzle was still inefficient as compared with the
ordinary type of nozzle. With the tail piece the jet has
the form of a cone covering the tail, and has greater area
than the same jet from an ordinary nozzle. Tests were made
with augmentors to determine how this greater area would ef-
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fect the acceleration of air in the presence of the augment-
or. A set of results similar to those of Table I is-given
fof thdsggnozzle In,Table Bls

TABLE II. THRUST AUGMENTATION OF ANNULAR

NOZZLE WITH GUIDE RINGS AND VENTURI TUBES

Free jet [Maximum Total thrust | Total thrust
. reaction| total Free jet Ideal re- | Ideal jet
Figures 1b. theast reaction action speed
with ft./sec.
augmentor
1be

21lb and

18c 0. 510 0.485 0« 951 0,945 152560
21b and
large
ring of
Figure .499 .485 + IR 966 1,256

10
21b and
large
ring of
Figure .508 510 1,004 > 298 1,250

11
21b and

17 + 5OE s 500 1,00 .994 1% 250

The annular nozzles represented in Figures 22 to 25
and consisting of hollow cone-shaped devices of which the
sections are shaped like airfoil profiles represent a modi-
fication of the guide ring and Venturi type of augmentor.
They will be referred to as annular nozzles Nos. 1, 2, 3

The nozzle itself is an annular slot

and 4, respectively.
in the trailing edze, with parallel walls formed by the in-
ner and outer walls of the anauvlar chamber. It will be ob-
served in the figures that these slots diverge with a total
A p O . .
angle ranging from a few degrees up to 40 . A diverging
annular jet is thus obtained which surrounds a central core
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of exterior air drawn in through the entrance cone of the
chamber by jet friction and the Venturi effect gained by

the divergence of the jet. The nozzle and the jet may be
imagined to be a Venturi tube with the jet as the exit cone.
This scheme of augmentation is based entirely upon a pres-
sure decrease in the entrance cone arising from the acceler-
ating power of the jet.

Nogzzles Nose 1, 2 and 3 differ mginly in their angular
divergence, the total angles being 79, 18° and 40°, respec-
tively. No. 4 is half the size of the first three, with a
nozzle divergence of 18°. The nozzles have the angles in-
dicated, but the jets assume smaller angles, proportional,
however, to the nozzle angles.

A series of force measurements was made on the four
nozzles without wind. The maximum observed force was about
one pound. In Figure 26 the ratio of observed thrust to
jdeal reaction is plotted against jet speed for each of the
four nozzles, the curves being numbered correspondingly.

The dotted curve is that for the free jet, repeated here

for gompawison. It is apparent Lthat nozzle No., & .is vhe
only one that shows an improvement over the free jet, and
this improvement is so small as to be scarcely worth noting.

We should not expect the augmenting power of an annu-
lar nozzle to be increased by a wind. Nevertheless two drag
runs to test this point were made upon nozzle No. 3., one
without a jet and the other with a jet of 720 feet per sec-
ond. The two curves are shown in Figure 27. These curves
give no fair indication of the drag of the nozzle, since
the drag of the 1/2—inch tube by which the nozzle was con-
nected to the balance is included, The difference in the
ordinates of the two curves at a given wind speed is, how-
ever, an indication of the effect of the wind upon augmenta-
tion at that speed, an increase of ordinate difference with
increase in wind indicating an improvement in the augmenta-
tion, The practically constant difference marked at three
different points along the curves shows definitely no im-
provement in augmentation.

The failure to observe any augmentation when we change
from the ordinary nogzzle to the annular ones may arise from
an attendant increase in the erergy losses in the nozzle it~
self, That this is actually the case is indicated by the
following observations. From an integration of pressures
measured over the entrance cone of No. 2 a thrust force of
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0.0567 pound was found, the observed total thrust being
0%6E5 poundi s ‘or a ‘contribidtion ‘of 10,5 perteentl "Henee in
the absence of nozzle losses we should expect to observe
a.total thrust about 10 per cent higher than the ideal jet
reaction. Actually we find the computed ideal reaction to
be 0.648 pound, 2 per cent greater than the above total
observed thrust. The latter is, therefore, some 12 per cent
less than would be anticipated on the assumption that the
losses in the nozzle are the same. That the presence of
the conical entrance does actually result in some 10 per
cent increase in the thrust is shown by observations ob-
tained when nozzles Nos. 1 and 2 were modified by haviag
placed in each of them a sharp-edged hollow cylinder fit-
ting tightly at the throat of the cone and extending for-
ward to the leading edge. 1Its leading edge being sharp,
the cylinder introduced no counterthrust, but by eliminating
air flow over the inner surface of the cone, it eliminated
the cone's contribution.to the thrust. In both cases re-
ductions between 10 and 12 per cent were observed. Thus it
appears that the losses in these annular nozzles amount to
about 12 per cent as compared to about 5 per cent in the
ordinary nozzle used in the present work. Previously it
was shown how the nozzle losses could be estimated from the

M

!
the orifice area accurately enough to compute Mi’ and the
above procedure becomes the only one possibdle.

ratio . Here, however, it was impossible to measure

It is clear also that jet reaction has been sacrificed
by diverging the jet, the reaction being proportional to the
cosine of the angle between the jet and the nozzle axis.
Theycosinemgpfor.Nog. 1, 24 3 and ds@are 0998406988570, 940
and 0.988, respectively. For Nos. 1 and 2 only 0.2 and 1.2
per cent of the observed 12 per cent loss can be accounted
for in this way. Furthermore, since No. 3 should have suf-
fered most from jet divergence but gave the best results,
the more favorable condition for augmentation brought about
by the more rapid expansion of the cone-shaped jet must
have more than compensated for the loss.

Thus far, only the accelerating power of the inner sur
face of the jet has been employed for auvgmentation. The
outer surface of the annular jet should be no different
from the ordinary jet in its ability to give rise to an in-
flow of air; hence guide rings and Venturis placed around
it should act as augmentors. A test of nozzle No. 2 and
the Venturi tube of Figure 17 failed to show any contribvu-
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tion from the Venturi. Without doubt some helpful effect

could have been derived had the Venturi been appropriately
designed, but indications are that the augmentation would

have been too small to be of any consequence.

We conclude that although the cones of such annular
nozzles do afford a certain amount of augmentation, this is
largely offset by a loss of jet reaction through nozzle
friction, the aggregate result being that the augmented jet
under the best conditions is only slightly better than the
free jet from an ordinary nozzle. Practically, these ef-
fects were too small to concern us; the problem of propul-
sion is as much unsolved as ever.

JETS IN AIESHIF MODELS

Jet in tail of airship model.- We now have to ascer-
tain by how much the thrust exerted by a free jet, or by a
system of them, is influenced by the form of the surface
from which it issuves, and especially by such forms as will
probably be encountered in the application of jets in aero-
nautics, The simplest case is that in which the jet issues
from the tail of an airship.

In order to study the case, the L-tube and nozzle of
FPigure 3 were placed in an airship model, as shown in Fig-
ure 28, A fairing was placed about the vertical portiomn of
the L-tube extending from the model to the balance, so as
to reduce the disturbance in the air flow over the model.

The reasoen for investigating such a combination of jet
and airship model is this: When a streamlined body of rev-
olution, such as an airship model, is pointed into a wind,
a definite flow pattern exists around it. If a jet is
emitted from the tail of the model, it is probadle that the
streanlines near the body will be altered. The question
may be asked, does the jet alter the flow in such a manuaer
as to decrease the drag of the model, or even go so far as
to make its drag negative? 1In other words, is the airship
capable of retrieving any of the energy put into the wind
stream by the jet? If so, there will be observed not only
the riegction of the jet, dbut also an additional force aris-
ing from the altered pressures on the surface of the models

The thrust which the jet produced in this position was
first determined in still air. The way in which the ratio "
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of total thrust to ideal reaction varied with jet speed is
shown by curve (a) of Figure 29, curve (b) being the stand-
ard curve for the free jet, taken from Figure 6. From the
proximity o6f curve (b) to (a) we may conclude that the model
in gt i1l @ir has no fefflect mpon the jetlipeaction, or vice
versa, that the jet induces no air flow over the model
which yields either thrust or drag forces different from
those on the L-tube alone.

A geries of tests on the effect of the jet in the
presence of a wind was next made. The results are given by
the series of curves in Figure 30 which is a representation
similar to that of Figure 7. Negative forces indicate that
the resultant force on the model is a drag while positive
forces indicate a resultant thrust. The displacement of
each curve from that corresponding to zero wind is the drag
exerted by the wind on the model and faired tube. The fact
that the curves for different wind speeds are all parallel
shows that the effect of the jet is the same in a wind as
e till atds @ At s motid ikely thati'a changes ine the
flow (and consequently in the pressure distribution) could
occur without causing some change in the force, we conclude
that the jet causes too slight an alteration in the flow
about the airship to be observed in such measurements.

Airship model with radial jet in nose.~ In view of
certain proposed schemes for the propulsion of airships, imn
which a centrifugal fan or similar device is used to pump
air from in fromt ‘of the ship, thus creating a.region of
lowered pressure at the nose, it was thought interesting to
try the effect of '@ ¢dertain type of nozzle at the nose, a
type which we shall call the radial nozzle.

Radial nozzles are illustrated in Figures 21b and 323Db.
The air is discharged approximately radially and in a thin
sheet from an annular orifice. The efficiency of a radial
nozzle may be compared to that of an ordinary nozzle by

comparing the ratios M for the two. The calculation of
5

Mi by formula (2) requires a measurement of orifice area;

and since this area could not be determined accurately in

the case of Figure 31b, we have a comparison of only Figure

33b with the ordinary one. The calculated coefficient

ﬁi for Figure 33b is 0.95. This compares favorably with
i

velwess o ther lsame ool ¢ hent, vang ing «f pom 0s02 1oy 0«98
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for the ordinary type of nozzle. Hence we may conclude
that nozzle efficiency need not be sacrificed in obtaining
the jet in the radial form.

Figure 3la shows the airship model of Figure 28 so
modified as to accommodate the L-tube when turned in the re-
verse direction. The radial nozzle shown in Figure 31b was
soldered in the end of the L-tube and the whole adjusted
relative to the model so that the back wall of the nozzle
and the surface of the model were continuous.

In Table III are reproduced the results of a test with
no wind. The second column of the table shows the varia-
tion of observed total force with jet speed. The third
column gives the ideal reactive force that would have re-
sulted had the entire jet been directed backward. Column
4 gives the ratio of observed force (column 2) to the ideal
force (column 3). It will be seen by comparison with Fig-
ure 29 that this ratio lies far below that for jets pre-
viously tested. This is not surprising, for we would ex-
pect no resultant force on the model if the jet passed ra-
dially outward. Actually the jet clings to the surface of
the model and is directed backward. The low ratio shows
that either the directing action is incomplete or friction
losses of the high-speed jet on the nose of the model are
great.

TABLE III. PERFORMANCE OF RADIAL

NOZZLE AT NOSE OF AIRSHIF MODEL

Egg_ggggg__ggg;;;ed fOrc; Ideal reéction Ratio of ;gs. rorece
(ft./sec.) (1b.) (1v.) ideal reaction
658 0.252 0.404 8?;24
845 . 410 . 648 633
981 . 546 875 . 626

The results of tests with winds of different speeds are
showa in Figure 32, by curves similar to those of Figures 7,
19, and 30. As before, the fact that the curves are paral-
lel indicates that a wind does not change the forces due to
the jet. As the wind increases a break begins to appear in
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the series of curves at 52 feet per second. This may be
interpreted as some instability of the flow at low nozzle
pressures, which is accentuated by the wind.

We may conclude definitely from these results that the
radial jet in the nose of an airship model is entirely val-
ueless as a scheme of propulsion.

Airship model with radial jet in tail.- For the sake
of completeness, measurements were also made on the effect
of a¥radial nozzle @t the Tadl of*gn ai¥ship model.’ Ta
this case a streamlined body of revolution of the form and
size shown in Figure 33a was used. A smaller L-tube (1/2-
inch instead of 1-inch) was used, so as to reduce the drag.
A fairing was attached to it so as to reduce the disturd-
ances it would have otherwise produced in the airflow about
the model. An improved radial nozzle (fig. 33b) in which
the cap was given an internal support was used, thus elim-
inating the two obstructions at the orifice present in the
nozizll e loffY Paiguirer 31D,

Curve (a) of Figure 34 shows there is a small force
from the jet at no wind. This may be attributed to a back-
ward inclination of the jet, which had previously been
shown to exist for a jet of water issuing from the nozzle.
Phis small force at mno wind is of little ‘inberest, since in
a perfectly radial nozzle the entire core reaction is ab-
sent.

Curve (b) of Figure 34 shows the change produced by
the jet in the drag of the model at a wind speed of 79 feet
per second. Shifting curve (b) parallel to itself until
the p01nt corresponding to zero speed of jet coincides with

the corresponding point of (a), we obtain curve (b'!). As
(b') rises faster than (a) it is plain that the presence of
the wind has increased the thrust exerted by the jet. Pres-

sure measurements made over the model from the section of
greatest diameter to the tail showed this increase in force
to be due to an increase of pressure over the rear portion
of the body.

To find a helpful effect from the wind is somewhat en-
couraging, but for it to be of any practical use the in-
crease would have to be very much greater, The increment
of force at P, = 1.56 atmospheres, where the jet speed is
860 feet per second, is found from curves (a) and (p') to
be 0.06 1b. Had the same jet been directed straight back-
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ward by an ordinary nozzle the ideal core reaction would
have been 0.44 1b. The ratio of increment to ideal core
reaction is 0.14 approximately, far below the value 3.5 re-
quired by Figure 8.

The results for the airship models may be summarized
as follows: An ordinary cylindrical jet in the tail is no
improvement over the free jet. A radial jet in the nose is
jnferior to the free jet and gives no indication of helpful
effects from flow modification. A radial jet in the tail
sacrifices the core reaction, but does give rise to a
slight propulsive force on the model.

THE INTERMITTENT JET

No tests of augmentors employing the intermittent jet
were made because of the experimental difficulty involved.
Nevertheless, the possibilities of the intermittent jet
should be considered, since the flow of the jet in starting
is of an entirely different type. The intermittent jet is
discussed briefly because it suggests a different method of
application of a continuous jet.

The principle of the intermittent jet flowing from an
ordinary nozzle is as follows: As the jet begins, a spread-
ing type of flow is given to the air as it is pushed away
from the orifice by the issuing core. The core itself rolls
up into a ring vortex on the head of the jet, and as time
goes on the whole flow pattern, including the spreading flow
in the exterior medium, probably becomes a growing ring vor-
tex with the core pushing through its center from thd back
and winding up in the vortex which is carried along at the
head of the jet. In the earlier stage the spreading motion
of the exterior medium is available for redirection by suit-
able guide vanes to unidirectional motion, and in the later
stage there exists the ring vortex which 1is equally capable
of direction by guide vanes.

The flow in the early stages is of the potential type
having 2 minimum dissipation of energy in fipiptdonsy Tur-
bulence does not arise until the development of the ring
vortex. At speeds near and above the speed of sound, other
losses arise due to the development of compression waves,
the energy of which can not be utilized by gvuide vanes.

But the fact that at speeds below that of sound, the ini-
tial motion communicated to the air by the jet is of an or-
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derly type with minimum turbulence and friction loss sug-
gests that those conditions offer a better opportunity for
efficient augmentation.

We may imagine an augmentor designed with guide vanes

capable of redirecting and utilizing the energy of this or-

derly flow. Emission of the jet would be terminated when
the ring vortex and core begin to develop. A difficulty
now arises when we attempt to get the next formation by al-
lowing the jet to start; for now unless the nozzle and aux-
iliary augmenting apparatus have been moved to another po-
sition where the air is undisturbed, the jet as it begins
to emerge will find the exterior medium already moving ax-
ially due to the previous emission. Hence, either the noz-
zle must be moved laterally or the time between emissions
must be long. Both are undesirable. Furthermore, a valve
mechanism to interrupt the jet might involve serious me-
chanical complications. If we desire an augmentative proc-
ess involving the characteristics of an intermittent jet we
must look to some other scheme.

THE TRANSVERSE JET

The concept of the transverse jet arises from that of
an intermittent jet which is continually displaced to find
undisturbed air. We may imagine a nozzle moved from place
to place while the jet is stopped, then resting long enough
in an undisturbed position to allow an emission of duration
limited to the time of the existence of spreading flow. It
is never possible to move the nozzle to completely undis-
turbed air, and hence some disturbance will exist wherever
the next emission takes place. The allowable time of emig-

-sion will be shorter the nearer the nozzle is to the posi-

tion of the previous emission and the stronger the jet. We
may imagine a series of small displacements and correspond-
ingly short emigsions for which spreading flow will resuvlt.
In the 1limit the motion of the nozzle is a uniform transla-
tion and the jet is continuous, having a strength deter~
mined by the rate of translation. Then by moving trans-
versely a nozzle from which a jet is issuing the exterior
induced flow should be of the same general type as that in
the starting jet and as such the kinetic energy should be
distributed through orderly motions rather than through the
turbulent and molecular kind, An augmenting apparatus must
be carried with the nozzle to convert the spreading motion
to a unidirectional one. The jet will be called a trans-
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Verse jet, the name signifying jet translation with respect
to the wind in some direction other than that along its
axiss

An attempt was made to build a device to utilize the
gpreading flow characteristics of the transverse jet. From
previous experience with vanes and guide surfaces it appears
that any process, even though characterized by an abundance
of orderly air motions capable of being directed, might
yield little or no force augmentation due to the ineffi-
ciency of the directing mechanism. To reduce this mechan~
ism to a simple and seemingly efficient one, the following
nozzle-in-airfoil combination was evolved.:

The apparatus consists essentially of a hollow sheet-
metal airfoil of ‘symmetrical section shown in Figure 35.
Tae nozzle is placed at the extreme trailing edge with an
orifice in the form of a long narrow slit extending the en-
tire length of the airfoil, the orifice being made of this
form to distribute the effect along the airfoil. The aoz~
zle walls converge to the orifice, and their orientation is
such that the jet makes an angle of about 70° with the
chord line. ‘The jet is fed from the interior with compressed
air led into -the airfoil at one end by a l-inch brass tube,
which also acts as the model support. The nozzle pressure
is measured at the midspan, the pressure tap being the open
eand of a copver tube extending to that point.

In an actval vehicle, the whole apparatus would move
with respect to still air. The counterpart in the wind tun-
nel experiment is a motion of air with respect to the ve-
hicle held at rest. In this case instead of displacing the
jet with respect to the air in a direction approximately at
right angles to the axis of the jet, the air is dibplaced
past the stationary jet. The motion of the airfoil through
still air in any given direction with respect to the chord
of the airfoil is simulated in the wind tunnel by settiag
the chord of the airfoil at the dorresponding angle to tle
wind.

The principle of the transverse jet may be restated as
follows: It has been shown how the exterior flow of a
transverse jet approximates that of the constantly displaced
intetmittent jet in the limit where the displacements be-
come infinitesimal and the emigsion vanishingly short ia
duration. For purposes of illustrztion in discussing tae
intermittent jet the ordinary type of jet vwith cylindrical
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core was used; now the picture is changed to that of a jet
whose core is a ribbon of width equal to the length of the
airfoil and thickness equal to the width of the orifice.

The fundamental mechanism is wuwunchanged, the ribbon jet

being used merely to distribute the effect along the air-~
Podd eu « T0, Allustnate the fTunction of trhansverse acvion, set
us imagine the airfoil set at zero angle of attack (for
symiietrical section, angle of no 1ift) with the air moving
past it at such a rate that the parallel component of the
velocity of the jet (jet 70° to the wind for zero angle of
attack) is equal to and in the same direction as the wind,
This wind-tunnel condition corresponds to the horizontal
motion of the airfoil through still air along its chord
with the jet traveling vertically downward with respect to
the air. The jet as it impinges upon the air gives rise to
a superposed exterior flow of the spreading type. In Short,
when we consider this flow, the jet is producing the same
type of motion in the surrounding air as an airfoil would
produce if from its shape or angle of attack it were deriv-
10 o ddf T, The jet should then, aside from its reaction,
give rise to a 1ift upon the airfoil. Since the airfoil is
finite in length any 1ift must result from a change of mo~
mentvm in the surrounding sir. In other words, 4f the alr-
foil derives a 1ift when set at zero angle of attack, it can
do so only by imparting downward momenta to the passing air.
The selection of a wind speed equal to the parallel compo-
nent of the jet was made merely for simplifying the illus-
tration. The same general argument holds for any wind
speed.

Inmazine the airfoil free to move under the action of
thie d.d1fE . férce. It is clear that the 1ift then becomes a
propulsive force, doing worl upon the airfoil. In the wind
tunnel we have merely to make the angle of attack negative
to simulate this upward motion. If a propulsive force re-
sults, we should observe a decrease in drag Or even a nega-
tiIve QTrac. These are the effects to be expected from tiae
foregoing argument.

To avoid confusion in the terms "1ift", "drag", aand
"propulsive force." we shall here define 11ift as a force
normgl to the wind in the tunnel, and drag as a force parai-
lel to the wind and directed downstream. Iegative drag, or
thrust, will always be used to designate forces parallel to
the wind and directed upstream, We shall introduce two
new terms, one called the "total 1ift" defined as the 1ift in-
cluding the normal component of jet reaction; and"total drad,
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the drag including the parallel component of jet reaction.

The results are given by the eight curves of Figure
36 « The ordinates are 1lift and drag forces in pounds, neg-
ative numbers indicating negative drag, or thrust. The ab-
scissas are differential nozzle pressures. The unprimed
letters accompanying the curves represent results at zero
angle of attack, while the primed letters represent results
at a negative angle of 59, Curve A shows the variation with
nozzle pressure of the 1ift component of the jet without a
wind., It is assumed that this force arises in the nozzle
and that no forces exist on other portioms of the airfoil.
Curve B represents the total 1ift in a wind of 94 feet per
second. With no jet the 1ift in this wind was zero. Curve
C represents the thrust (parallel component of the jet)
withomt & wind, and "D the total ‘deee in & wind of 94" flelet
per second, including the drag of the model arm. We see
that, while the total 1ift was very greatly increased by
the wind, the drag curve, C, was merely shifted vertically
by the drag of the airfoil and suprort in a wind of 94 feet
ver second. Interpreting this in terms of momentum, we
may say that the jet has produced motions the energy of
which has been used by the airfoil to impart a large momen-
tum at right angles to the wind, but none parallel to the
wind. So far, the results are true to expectation. Curves
A', B', €' and D' are corresponding results for a negative
angle of attack of 5°. The orientation of the jet has now
been changed and curves A' and C' of normal and parallel
components of jet reaction respectively are shifted corres-
pondingly. Curve B' compared to B shows that the total
1ift force has been reduced, but a comparison of C' and D!
shows no compensating increase in thrust, the difference be-
tween C' and D' being a drag displacement of about the same
magnitude as that between C and D, Another test made at a
negative angle of 80, not given here, again gave no indica-
tion of thrust foree other than that derived from the jet
itself. This result is totally at variance with predic~
tions.

Other experiments of a rather diversified nature were
trisd.  Tip shields were placed on the ends ef the airfoil
with very little change in the previous results except for
a larger 1ift force. Rectangular guide vanes of various
widths and of a length equal to that of the airfoil were
placed at various positions back of the airfoil in an at-
tempt to change the direction of the downwash. Again,
while it was possible materially to reduce the 1ift, very
little or no thrust resulted.
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The transverse jet appears from the present work to
hold very meager possibilities, but the author does not be-
lieve that enough work has beea done to exhtaust all of them.
For example, the long slit orifice might be closed off at
intervals breaking the wide ribbon-1like jet into a number
of narrower ones with free edges., The resulting disturb-
ance instead of being fore and aft would then be lateral,
the pattern for each ribbon being two vortex filaments. If
gunicde vanes may be relied upon to perform their function,
these filaments may be broken up into linear flow. Numer-
oug suggestions of this sort might be made, dbut we can
think of none which do not require guide vanes, and in view
of the small success so far met with in their use, we do
not feel that any process depending upon them is likely to
succeeds

CONCLUSION

We are faced with the experimental fact that the aug-
mentation obtained was insignificantly small. As to why it
was s0, we have indications that the trouble may lie with
the parts essential to any augmentor, with the directing
mechanism or the guide vanes themselves. Thig is shown in
the following brief summary:

The auvgmentors tried may be divided into two classes;
in the first the jet mixes naturally with the surrounding
air, and in the second the mixing is controlled by a proc~
ess called tramsverse jet actiom. Referring to natural
mixing, we find that we have no knowledge of the distridbu-
tion of kinetic energy among the two resulting motions, or-
derly and chaotic. An attempt was made to direct the order-
ly motions by guide vanes. The small success obtained has
not answered the question whether guide vanes are ineffi-
cient or whether only an insignificant portion of the kinet-
ic energy results in orderly motion. A greater degree of
augnentation was expected in the case of the transverse jet
where it is believed that a greater part of the energy was
shifted from the chaotic turbulent and molecular motions to
the more orderly spreading type. The experimental fact
that the increase was not found indicates that the fault
may lie in the directing mechanism.

On the whole the outlook is not especially favorable.
The present work may be taken not as proof, but only as an
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indication that the jet can never fiand use at low speeds
unless such lighter, more concentrated, and cheaper fuels
than those now in use become available, as will enable the
free jet, in spite of its low thrust per horsepower, to
compete with the engine-driven screw propeller,

Bureau of Standards,
Washington, D, C., August 6, 1932,
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