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Contribution to the Theory of Rotary Jet Flow Induction
K. H. HOHENEMSER* AND J. L. PoRTEK|

McDonnell Aircraft Corporation, St. Louis, Mo.

Rotary jet flow induction is studied with a refined analytical flow model. The mutual de-
flection of primary and secondary flow takes place in a ring-shaped interaction region of finite
thickness and curvature. The mutual flow deflection phase is accompanied by jet dissipa-
tion and is followed by constant area mixing of the two Hows. The refined analytical method
yields optimum values for certain geometric and operational characteristics that could not
be deduced from earlier types of analysis and that agree with model test results. Performance
improvements of the rotary jet flow inductor, as compared to the ejector with equal flow cross
sections, are particularly significant if, at the primary nozzle exit, the primary flow has a much
lower density than the secondary flow. This condition can be achieved either by using differ-
ent gases for primary and secondary flow or, in the case of identical gases, by heating the pri-
mary 60 w.
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1. In trodnction

THE usual induction of secondary flow by shear forces
between primary jets and a secondary gas is a simple

though rather inefficient pumping and jet thrust augmenta-
tion method, and is particularly inefficient at elevated pri-
mary gas temperatures. So far, the successful application
of such Bow induction methods to jet or rocket propulsion
has been limited by this low efficiency and by the bulky
mixing ducts required in spite of their attractiveness from the
point of view of mechanical simplicity. This situation may
well change in the future with the introduction of rotary
jets, which transfer part of their energy and momentum to
the secondary flow by interface pressure forces rather than by
shear forces, unless a process is also inherently simple but has
the potential of largely increased efficiency and greatly re-
duced flow interaction length. In hypersonic propulsion
where the use of rotor blades is excluded for temperature
reasons (at least with presently known materials), rotary jet
flow induction could have an unchallenged field of application.

Rotary jet Bow induction has been analyzed by Foa/"^
Cox and Campbell/ and Hohenemser.^ The problem is
treated in the first five papers as two-dimensional and with-
out accounting for mixing effects. In the sixth paper, a
strip analysis is developed, which allows evaluation of the
effects of finite thickness of a plane Bow interaction layer.
The transferable energy of the primary jet is exhausted after
penetrating a certain distance into the secondary flow layer,
which limits the amount of entrained secondary gas, regard-
less of the layer thickness. Mixing effects again are omitted.
In the seventh paper, the problem is treated once more as
two dimensional; however, a constant area mixing phase is
added, making possible a direct comparison with the ejector.
Performance improvements from rotary jets over ejector
pei-formance are shown to be especially significant if the pri-
mary gas temperature is much higher than the secondary gas
temperature, a condition that is always satisfied in jet pro-
pulsion systems.

The present analysis is based on the strip concept. As
compared to Hohenemser,** three refinements have been
added: 1) The Bow interaction region is a ring layer
rather than a plane layer. 2) There is some jet dissipa-
tion during the mutual deBection of jet and secondary Bow
in the rotating reference system. Such dissipation had been
neglected in all previous treatments. 3) A constant area
mixing phase is added, following the mutual Bow deBection
phase. Thus, the analysis reduces for zero jet rotation to
the ease of the ideal constant area ejector.
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Fig. 1 Rotary jet thrust augmenter for turbojet engine.

2. Idealized Rotary Jet Flow Inductor

Figure 1 shows a possible application of the rotary jet flow
induction principle to a turbojet engine. In such an applica-
tion, the flow induction method must compete with a me-
chanical device consisting of turbine and fan; and the sim-
plicity, low cost, and light weight of the flow inductor must
be balanced against its presumably lower efficiency. Figure
1 here is shown merely as a particularly simple illustrative
example without implying that this type of application is the
most promising. The fixed exhaust nozzle of the engine
is replaced by a rotor having a number of nozzles with
tangentially canted axes that discharge the gas into an inter-
action duct. The reaction of the jets is utilized to drive the
rotor. The exhausts from the nozzles form spirals inside the
duct which move in the aft direction, thereby pushing the
secondary flow trapped between them. Though mixing of
the two flows is unavoidable, it is the interface pressure
force, not the mixing process, which produces the major
energy and momentum transfer between the flows. As
shown by Hohenemser,7 mixing can be either beneficial or
detrimental to the efficiency of this transfer, depending on
the inlet conditions. However, since substantial mixing can-
not be prevented, the analysis assumes that at the end of the
flow interaction region (station e, Fig. 1) the two flows are
mixed perfectly; and this assumption agrees well with ex-
perimental observations. To obtain optimum thrust aug-
mentation over a wide range of flight speeds, the exit area
Ax should be variable. Figure 1 shows a nozzling down
of the duct cross section between station e and station N as
would be appropriate for forward flight. In static opera-
tion, optimum thrust augmentation is obtained if the area at
station A^ is equal to or slightly larger than the interaction
duct cross section at station e. The gas generator cycle is not
affected by the addition of the augmenter as long as the ex-
haust nozzle pressure ratio is supercritical, so that the pressure
inside the interaction duct will not affect the gas generator
flow.

For the analysis, the geometry and flow characteristics of
the rotary jet flow inductor are idealized (Fig. 2). The pri-
mary and secondary mass flows mp and ms enter the flow in-
ductor with the inlet total pressures and temperatures PP;°,
Ps;°, TpiQj and Tsi

0. The analysis assumes there is no heat
exchange between primary and secondary flow and the en-
vironment, and that the aerodynamic surface friction of the
rotor and the rotor bearing friction are negligible, so the total
angular momentum of primary and secondary flow is zero.
Although angular momentum is transferred between flows,
the primary and secondary flow angular momentum values
must be equal in magnitude and opposite in sign at all sta-
tions. It is assumed further for the analysis that during
the interaction process each primary gas particle remains
on the surface of a cone with the small coning angle a as
indicated in Fig. 2. That this assumption is realized ap-
proximately has been substantiated by experiments with
cascades of jets discharged obliquely into a uniform secondary
flow. These experiments will be discussed in Sec. 9. For

the analysis, the geometry of the device is only defined down-
stream of the cone with apex angle a. The inlet can have
any shape and the only assumption made is that the inlet
flow is isentropic. The interaction between the two flows
consists of a mutual flow deflection, which is a steady flow
process when described in a reference system attached to
the rotor. The details of the flow pattern are ignored and
it is merely assumed that, after completion of the mutual
flow deflection, the secondary flow velocity in each elemen-
tary ring layer is uniform and has in the rotor fixed reference
system the same direction ft as the primary jet velocity.
The mutual flow deflection process also is assumed to be
isentropic except that some entrainment mixing occurs
simultaneously with the mutual flow deflection along the
cone, thereby increasing the mass of the primary jet and
decreasing the mass of the secondary flow. The static
pressure P(i behind the interaction cone is assumed to be the
same for all flow layers.

The second phase of the flow interaction consists of mixing
at constant area between stations d and e, so that the flows
are discharged at station e with the uniform static pressure
Pe and with the uniform velocity ve. The analysis has been
simplified by considering that in typical applications of the
rotary jet principle, the pressure difference Pe — Pd in the
mixing section is small as compared to the pressure differ-
ence Ppi° — Pe. A further simplification has been intro-
duced by ignoring the small radial momentum that the
primary jet loses by entraining secondary flow particles
with zero radial momentum. Except for a duct area cor-
rection, the jet thickness has been neglected in the flow inter-
action geometry. Primary and secondary flow are assumed
to consist of ideal gases with initially constant, but possibly
different, specific heats and gas constants. Secondary and
mixed flow through the device are assumed to be subsonic
and shock free. The analysis is limited to the flow interaction
process that is completed at station e. Effects of nozzling
down or diffusing the mixed flow downstream of station e
are omitted in this report. Parametric studies of the&e
effects have shown that near optimum thrust augmentation
is achieved both statically and in forwrard flight of the de-
vice if PSiQ = Pe. This condition stipulates AN — Ae for
static augmenter operation and AN < Ae for forward flight,
according to a certain schedule.

3. Conservation of Energy

Geometric and flow quantities indicated by a bar have
been made nondimensional with the following reference values
for velocity, density, pressure, temperature, flow area, mass
flow, specific heat, and gas constant, respectively:

»> ' n ' n '?; /2/9 — -v P M /2/9 T ' 4 ' vn f r } 7?VP j PP ) PP VP / 4 — ^p re I V I p I L, 1 p , jrip , ?tlp , Cp)p, lip

The primed quantities are primary flow parameters after
isentropic expansion to the static pressure Pe, so that

The length unit is (A/)1/2, and the nondimensional radius is
f = r/(Ap')l/z. The conservation of energy between inlet
and station e is expressed by the equation

Cpe m (la)
where

ms cps)/m

From Re = (1 + Rs ms)/m, m = p e v e Ae, and Re Te = l/pe
one obtains

Re Te = ve Ae/m (2)

The energy equations for reference flow and flow at station e

vP'*/2 cp)p = TV - TV 0.V2 cpe = T» - Te
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can be combined into the single nondimensional equation

v? = (TV - fe)/(fpi° - 1) cpg (3)

]>y inserting- TV from Eq. (la) and Te from Eq. (2) into Eq.
(3), one obtains a quadratic equation for the velocity ve

tV2 m (TV - 1) + ve Ae(cpe/Rf) = TV + m, TV cp8 (4)

The negative root of this equation has no physical signifi-
cance. Equation (4) is valid regardless of the interaction pro-
cess between the two flows, as long as no heat is exchanged
with the environment and as long as the velocity ve is uniform.

For constant primary mass flow mp the jet energy in a
rotor fixed frame of reference is constant between inlet sta-
tion i and station d,

cp)p TV + vtn*/2 + $, = cp)P Tp + + (5)

where 3>ri and <f> are potential energies per unit mass from the
centrifugal field. Selecting arbitrarily the value zero for
the field energy at the rotor center, one obtains <£n = —vin

2/2
and $ = — vt

z/2. Inserting these relations into Eq. (5) and
nondimensionalizing with

one obtains

= (TV - TV)2 cp)p

(TV ~ (6)

in most cases, an adequate approximation of Eq. (6) is ob-
tained by assuming that the static pressures Pd__ and Pe are
equal. With this approximation one obtains Tp = I and
Eq. (6) becomes

V = v? + 1 (6a)
In a similar way one obtains in a rotor fixed frame of reference
the energy equation of an elementary secondary flow ring
laver between stations i and d

+ [(TV - T8)/(TP* - l)]cpa (7)

Here the_ substitution Ts = 1 would lead to a large error since
TV — T_K is a small difference of large numbers, which is not
true of TV - Tp in Eq. (6). The temperature f, at station
d is obtained from the isentropic flow relation

(TV/T7*) = (P,,;°/Td)(Ts-1)/Tv (8)
The tangential velocity vt is given by

where

(9)

(10)

The equivalent spin angle ftl>tl, as just defined, may differ
from the geometric nozzle spin angle because of a number of
secondary effects.

4. Equations for Jet Dissipation

In order to obtain the effect of secondary flow entrainment
by the primary jet, it is assumed that the relative increment
in primary mass flow is proportional to the length increment
of the jet

Amp = \Al (11)

where A is the entrainment coefficient. For parallel primary
and secondary flow a semiempirical analysis by Craven8

indicates that Eq. (11) is satisfied except for a region close
to the nozzle. In this nonlinear region, the assumption of
Eq. (11) must be interpreted as the definition of an average
entrainment coefficient.

If ft is the angle between the jet axis and the generatrix of
the cone with vertex angle a, then the length element of the

Fig. 2 Model for flow induction analysis.

jet is, for small a, approximately

Al = (Af/a)(l/cos/3)

and Eq. (11) reads

or

dmp/df = (A/a cos/3) (12)

The conservation of linear momentum during the mixing of
the mass flow element Amp with the main jet mass flow mp
yields for small a.

mp Up -f Us Amp = (mp -f Amp)(up + Awp)

Neglecting higher order small terms, one obtains in the limit

= —(Up — us)/mp (13)
Considering the primary jet velocity up as a function of f and
mp, one can write

dup = (14)

Inserting Eq. (9) into Eq. (6a) and partially differentiating
with respect to r at constant mp,

bwp/df = (f/Up)(Vtn2/r,r) (15)

Equations (12-15) now can be combined into the single equa-
tion

Equations (12) and (16) describe the change of primary mass
flow and of primary jet velocity with radius when jet dissipa-
tion occurs from entrainment of secondary flow.

The temperature of the jet when reaching the outer wall
will be required later. Combining the energy relation

TV + c,,. f.,.° JV'" dm,, = ni,,n. T,,,f f,,),-,

with Eq. (6) written for the wall station
j-. i — r, i i r /TT o _ nr i / r T' o _ 11/0
Mpw — U tw ! [•*• pic -L pw\/ \ _ J - p i l \^p/pw

one obtains

cP)pv.mpwTpw = TV

mpw (upw* - vtw*)(Tpi
Q - 1) (17)

where

inPw = 1 + I dmp (18a)

and

r } —^p) pw ( 1 + cps I w dmp } / mpw - cps + ( —-—- )
\ Jrn /I L \ ™>P» /J
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1.6

Fig. 3 Effect of primary gas temperature and density.

5. Conservation of Angular Momentum and
of Mass

Equating the space fixed angular momentum of an ele-
mentary secondary flow ring layer after deflection and after
loss of mass from primary jet entrainment, to the increment
in angular momentum of the primary jet, one obtains

u» cos/3p.< 2?rfAr(t'i — u* sin/3)r = A[mt)(up sin/3 — v/)r]

Performing the differentiation on the light-hand side and
rearranging terms,

d sin/3 Us _ 2irf , _ .
—-— = cos/3 — p., --— (vt — u» sm/3) —

dr up mp

^^ smff ~ Vt/U;> __ dup^ sin/3 sin/3 , 2 vu,
df mp dr up f ' fn, up

Equations (12, 16, and 19) are three simultaneous nonlinear
differential equations for the three variables mp, u,,, and /3

2.80

._..._._... ..__ 2.60

as functions of the radius r. The boundary values for r =
fn at the exhaust nozzle exit are

= 1 upl; = = arc (20)

The following six quantities must be known in order to solve
this system of differential equations: inlet temperature
ratio Tpi

Q/Tsi°, primary pressure ratio Ppi°/Pe, tangential
nozzle velocity vtH (or nozzle spin angle 0P>1), coning angle a.,
distance of nozzle from rotor axis r, ( , and entrainment co-
efficient X. In solving the system of equations, it is con-
venient to begin by assigning numerical values to the pressure
ratio Pti/P,iQ and to the outer wall radius rw. This allows
determination of us as a function of r from Kqs. (7) and (8),
and then numerical integration of the three differential equa-
tions [(12, 1.6, and 19)] between the boundaries rn and fw.

Finally, conservation-of-mass equations are used to deter-
mine the flow areas and the mass flow ratio. The flow area
at stations d and e is essentially that of the secondary flow
7r(rw'2 — Tn2)- Although the geometry of the flow interaction
has been determined with the assumption that the primary
jet is an infinitesimally thin line, a correction is made at the
end of the analysis by adding the actual cross-sectional area
of the primary jets at f = fw to the secondary flow area,

(mpw/ppw ul)w eos/3ir) (21)

The quantity mpw/ppw = mpu, Tpw Rpw is obtained from Eqs.
(17) and (18b) with

Kpu; — (1 +
r fw*> L dmp)/mplo

The secondary mass flow m, entering the device consists of the
secondary flow after the interaction plus the entrained
secondary flow

m, = X rw
.
•n

u« cos/3r dr X rw _
dnij,

''n
(22)

where again

P. = I/TV/?,

6. Equations for Mixed Exit Flow

Hecause of the assumption of complete mixing in the con-
stant area duct between stations d and e, the velocity ve can
be determined by Eq. (4). The area ratio Af and mass flow
ratio m.s are known from Eqs. (21) and (22), Also known
are m = m, + 1, Tpi° and T,i°. The static pressure rise from
station d to station e is given by the conservation of axial
momentum between the two stations,

_Pf - Pd = m

27rp., u,'2 cos2/3f dr - (1

B(Hiause of

P, - Pa -
P, - P., - (P.i/Pr)

(1/2)7,

(23)

(24)

the pressure ratio Pe/P<i is also known, and the over-all
secondary flow pressure ratio

/y/v = (25)

can be determined. An operating line ^>f PJP,^ vs m,s now
can be computed for constant area ratio Ac.

The assumption of mixed flow at station e allows simple
definitions of thrust augmentation ratio and of energy transfer
efficiency. Thus,

Fig. 4 Effect of X on hot gas device, air/air. F/F,,' = m(v, - vJ)/(\ - v.') (26)
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where

and

(27)

(28)

(29)

The thrust augmentation ratio F//V requires the knowl-
edge of the flow parameters at station N\ therefore, Eq.
(26) is valid only if AN = Af. As mentioned before, this
geometry was found to be near optimum for static aug-
menter operation when P8i° = Pe] whereas in forward flight,
one should use for optimum augmentation A,v < Ae. In
presenting thrust augmentation ratios in Figs. 3-6, A# — Af
and static operation (Psi° = Pe, vs' = 0) have been assumed.

The efficiency measure T, according to Eq. (27), does not
require the knowledge of the flow parameters at station N,
and the area ratio AN/AC can have any desired value. The
quantity T is the ratio of kinetic energy absorbed by the sec-
ondary flow over the kinetic energy lost by the primary flow,
both kinetic energies being referred to the pressure Pe. This
kinetic efficiency is a more convenient measure than the
enthalpy difference ratio used in turbomachinery. For a
pressure ratio Pe/PSi° in the vicinity of one, the two measures
are numerically almost identical. Equations (4 and 27-29)
make it possible to compute for given area ratio Ae, primary
pressure ratio Ppi°/Pe, and temperature ratio TpiQ/T^\
operating lines of Pe/P^ vs m« for constant efficiency T.
Such lines, when superimposed on theoretical or experimental
operating lines, are useful for a quick efficiency estimate and
are shown in Figs. 7a and 7b.

7. Effects of Primary Gas Temperature and
Density, and of Interaction Layer Curvature

In the following, some selected numerical results from the
preceding theory are presented to point out important effects
and optimum geometric and operational characteristics.
Figure 3 shows the effect of primary gas temperature and
density for zero entrainment; coefficient X. The primary
pressure ratio is PpiQ/Pe = 2.8, the secondary pressure ratio
is Pe/P^ = 1, the nozzle radius is ?H = 1, and the area ratio
Ae/A,,f = 16. The solid lines of Fig. 3 show the mass flow
ratio m,,/mp

f as a function of the nozzle spin angle, /3y,,,;
whereas the dashed lines show the4 static augmentation ratio
F /F p as a function of the mass flow ratio.

The effects of primary gas temperature are obtained by
comparing the curves for air/air and Tp^/T^0 = 1, with the
curves for air/air and Tj^/T.^0 = 4. By increasing the pri-
mary gas temperature, the optimum spin angle is reduced
f rom about 25° to 20°; whereas both maximum mass flow

ppV Pe - 2.8
Pe/P°j 1.0

ft pn ~ 20°

T = 1.0

/

AV-

-4 .0 :

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8

Fig. 5 Theoretical effect of area ratio on static augmenta-
tion ratio, air/air.
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Fig. 6 Results of complete model tesls, air/air.

ratio and maximum static thrust augmentation ratio are in-
creased substantially. The effects of primary gas density at
the temperature ratio of Tpi°/TKi° = \ are obtained by com-
paring the air/air with the helium/air curves. Using helium
as primary gas instead of air also reduces the optimum spin
angle from about 25° to 20° and produces still larger incre-
ments in secondary mass flow and in static augmentation
ratio.

Figure 8 shows in the same presentation as Fig. 3 a compari-
son between the two-dimensional analysis in Hohenemser7

(dashed lines) and the strip analysis for zero entrainment
coefficient X (solid lines). For the two-dimensional analysis,
the spin angle in the center of the interaction ring section,
which is larger than ppn, has been used. For example, for
. l e = 16 one obtains rw/rn = 2.4, so that in the center of the
interaction ring the tangential velocity is 1.7 times the
tangential nozzle velocity. From Fig. 8 it is seen that for
small spin angles there is little difference in results between
the two types of analysis. With increasing spin angle, the
two-dimensional analysis predicts uniformly increasing
secondary mass flow. The strip analysis, however, shows
optimum values of spin angle beyond which there is a re-
versal in the trend. The explanation for this result is that
the primary jet loses its transferable energy as it penetrates
into the secondary flow layer and it loses it faster, the larger
the spin angle. Therefore, the secondary mass flow ratio,
and with it the static thrust augmentation ratio, is limited to a
certain maximum value; this is a fact that is in agreement
with experimental observations. The tendency toward a re-
versal in the trend is more pronounced for hot primary air,
which is a result of the lower density and the corresponding-
reduced penetration capability of the jet.

Figure 9 shows, for the same parameters as Fig. 8, the effect
of nondirnensional interaction layer curvature. The maxi-
mum obtainable mass flow ratio is smaller for the case of
larger fn or lower nondimensional curvature, and again this
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Fig. 7 Effect of X on hot gas device, air/air.

effect is more pronounced for hot primary air. The ex-
planation of this trend, which has also been observed experi-
mentally in cold flow tests, is that the primary jet velocity,
according to Eq. (6), increases as the jet penetrates radially
because of the work done by the centrifugal field forces.
Therefore, more secondary mass flow is induced at the same
nozzle spin angle if the curvature of the interaction layer is
increased. Hohenemser6 treated the case of fn = oo with
the method of the strip analysis, and for this case the lack of
jet penetration is exaggerated as compared to the actual rotary
jet flow inductor with finite fn.

8. Effects of Jet Dissipation

It is not difficult to integrate numerically Eqs. (12, 16, and
19) for a given value of the entrainment coefficient X. There
are, however, few data available from which X can be esti-
mated. The best source seems to be Craven,8 who presents
jet dissipation data for circular jets issuing into a secondary

gas flowing in the same direction as, and with a smaller ve-
locity than, the jet. The data are derived from a semiem-
pirical theory based on a mathematical representation of
experimental velocity profiles. The largest entrainment
coefficient is obtained for a jet issuing into a quiescent gas.
If the surrounding gas has a velocity in the same direction
as the jet, the entrainment coefficient is greatly reduced.
If the surrounding gas has a lower density than the jet, the
entrainment coefficient is reduced also. From the data in
Craven,8 one can deduce for the most unfavorable case pre-
sented here, air/air with Ppi

Q/Pe = 2.8 and Tpi
0/TH° = 4,

a value of X = 0.05. For equal temperatures the entrain-
ment coefficient should be smaller.

For various reasons the preceding estimate of X cannot
claim to be very reliable. The Craven method is based on
subsonic jet data. For supersonic jets the dissipation most
likely is less, particularly in cases where the nozzle is under-
expanded and where part of the expansion occurs outside
the nozzle in the form of an oblique shock pattern. The
Craven method is based on the measurement of fully de-
veloped jet velocity profiles. In the rotary jet flow inductor,
one is interested, however, in the jet region close to the nozzle
exit where the velocity profile is not yet stabilized. En-
trainment in this region is most likely lower than in the re-
gion of the fully developed velocity distribution. The
Craven method also refers to parallel primary and secondary
flow; whereas in the rotary jet flow inductor the two flows
are not initially parallel and assume approximately the same
direction only some distance downstream of the merging
station. The collision angle between the two streams most
likely produces increased jet dissipation. Finally, there is
some question as to whether the field forces and curl com-
ponents introduced by the rotating frame of reference will
not affect seriously the entrainment phenomena. As an
alternative, the entrainment must be studied in a nonrotating
frame of reference where the flow is unsteady. It is obvious
from these remarks that considerable experimentation will
be required before more reliable values of the entrainment
coefficient X can be obtained. Meanwhile, the results of
the analysis with the bracketing X values, as shown in Figs.
7a, 7b, 4, and 5, only can be considered as representing trends
rather than quantitative information on the effect of jet
dissipation.

Figures 7a and 7b show the operating lines of the flow
inductor for the two values X = 0, 0.05. The pressure ratio
isPpi°/Pe = 2.8; the area ratio is Ae/Ap' = 16; and the
condition in both figures is that of the heated air primary
jet, Tpi

0/T.i0 = 4. Comparison of the figures shows that
for /3pn = 20° (Fig. 7b) the effect of increasing X is signifi-
cantly greater than for (3Pn = 10° (Fig. 7a).

The trend toward increasing effect of X with increasing
spin angle flptl is seen again in Fig. 4. For /3pn < 9°, the
curves of Fig. 4 for various X merge, so that entrainment has
negligible effect for slowly spinning rotors. In Fig. 4, the

STRIP ANALYSIS, A -0 . I
SINGLE LAYER ANALYSIS

0 1 2 3 - 4 5 6 7 8 9

Fig. 8 Comparison with single-layer theory, air/air. Fig. 9 Effect of interaction layer curvature, air/air.
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effect on the static, augmentation ratio also may be observed
(dashed line). As the mass flow for a given spin angle de-
creases (Fig. 4), the thrust augmentation ratio also decreases.
Thus, for the optimum spin angle, /3pn. = 20°, the effect of
the entrainment with X = 0.05 is to reduce the static thrust
augmentation ratio from 2.5 to 2.4.

In Fig. 5, the effect of area ratio on the static augmenta-
tion ratio for the spin angle /3pn = 20° is shown for both
TV/TV - 1.0 and 4.0.

9. Comparison with Test Results

In order to determine the validity of the basic assumptions
of the strip analysis, a simple jet deflection test was conducted
with a cascade of five air jets issuing into a stream of air and
colliding with this stream at a small coning angle a, in the
x-z plane, and various spin angles /3 (Fig. lOa). The analysis
of this flow pattern is a special case of Eqs. (12, 16, and 19)
for vt = 0 and 2?rr = a, and replacing the variable r by z.
The five primary jets had a pressure ratio Ppi°/Pf = 1.8,
where P, was the ambient static pressure; and the secondary-
stream had a velocity vs = 200 fps. The primary to secondaiy
total temperature ratio was TPi0/Tsi

0 = 0.82. The experi-
mental data of Figs. lOb and lOc were obtained from measure-
ments of the middle jet of the five-jet cascade. Figure lOb
compares the measured z coordinates of the center of the
middle jet with the line defined by an angle a = 10° with the
x axis. It can be seen in Fig. lOb that for x < 2.2 in., vir-
tually no deflection from the initial angle a has occurred
in the x-z plane. Figure lOc compares the measured y co-
ordinates of the center of the middle jet having an initial
angle ppn = 20° with the results of the theory, Eqs. (12, 16,
and 19). From the experimental data of Fig. lOc, it can be
seen that at x = 2.2 in. the jet has been deflected completely
into the initial direction x of the secondary stream; thus, de-
flection in the y direction effectively occurs on the surface of
a plane (cone of infinite radius) defined by the slope-angle a,
validating the constant coning angle assumption of the
theory.

It was found that the effect of the theoretical entrainment
parameter on the dashed curve of Fig. lOc was negligible for
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Fig. 10 Five nozzle tests, air /air.

Fig. 11 Results of complete model tests, air/air.

0 < X < 0.05. Therefore, the fact that the measured jet
y coordinate (Fig. lOc) is greater than that predicted by
theory cannot be attributed to jet entrainment and is prob-
ably because of the difference in the assumed jet constraint
of the infinite cascade theory as compared to the actual con-
straints of the finite cascade test. Thus, complete agreement
of the five-nozzle test results with the theoretical predictions
cannot be expected, but the comparisons in Figs. lOb and lOc
do give substantial support to the basic assumptions of the
strip analysis.

From the deflection measurements, it is seen that the strip
analysis is capable of predicting quite wrell the shape of the
deflected jet. It remains to be seen how this type of analysis
correlates with model tests with a complete rotary jet flow
inductor. Figures 6a, 6b, lla, and lib compare the results
of the strip analysis for the entrainment value X = 0.05 and
test results obtained at the McDonnell Aircraft Corporation
Propulsion Laboratories using a primary air jet exhausting
into air. Figures 6a and 6b show the influence of fiv)- on the
mass flow ratio for the static condition Pf/P^ = 1.0 and the
inlet conditions Ppi°/P< - 2.8, Tpi°/T8i

0 = 1.00, and the
two area ratios, Ae/AP

f = 12.5 (Fig. 6a) and Ae/A}>' = 16.0
(Fig. 6b). The experimental points show the coning angles
used with each particular spin angle /3pn. The analysis as-
sumes the same combination of spin angle /3pn and coning
angle a. Because of the insensitivity of both the analysis
and experiment, with respect to variations in coning angle,
continuous curves could be drawn. The test data and the
analysis result in nearly parallel curves for both area ratios,
showing the same trend, i.e., a slight increase in mass flow
ratio with increasing (3pn up to a value /3pri = 20°, The
dashed lines of Figs. 6a and 6b indicate the static augmenta-
tion ratio, a function of the mass flow ratio and inlet condi-
tions as given by Eqs. (4) and (26).

Figures lla and lib compare theory and tests for two
spin angles and the same inlet flow conditions as Fig. 6 and
for the constant area ratio, Ae/Ap

f = 16.0. Again, it is
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noticed that the test data and theory result in almost parallel
curves, offset by a nearly equal amount in both cases. This
offset must be attributed to the nonuniformity and friction
losses occurring in the actual device, which are not included
in the theoretical treatment.

The theory predicts only a small influence of coning angle
a. Model test results confirmed that within a wide variation
of coning angle (10°-15°), the performance of the rotary
jet flow inductor tested is almost the same. However,
if a much smaller coning angle is used, a severe drop in per-
formance occurs caused by the jet being deflected radially
inward by the Coanda effect on the inner duct wall. On the
other hand, a much larger coning angle also decreases the
performance because of the effect of splashing of the jet
against the outer duct wall.

10. Conclusions

1) A refined strip analysis of the process of rotary jet flow
induction reveals that the primary jet, when radially pene-
trating the secondary flow, loses its transferable energy
faster the greater the ratio of tangential rotor speed over-
jet velocity. Consequently, there exists for a given sec-
ondary over primary flow area ratio an optimum tangential
speed and for given tangential speed an optimum area ratio,
for which the induced secondary flow, or the thrust aug-
mentation, reaches a maximum value. According to the
earlier two-dimensional analysis, no such maxima had been
predicted.

2) For a given geometry, and primary and secondary
pressure ratio, the maximum induced secondary flow or the
maximum thrust augmentation ratio is, as compared to the
ejector, moderately greater for air/air of equal total inlet
temperatures, but substantially greater for air/air of an
elevated primary temperature or for helium/air of equal
total temperatures. In the last two cases, the maxima are
sharper, and it is more important to insure that optimum
conditions are used.

3) Jet dissipation reduces the maximum attainable in-
duced flow, or thrust augmentation. The jet dissipation

effects are small for equal temperature and density of pri-
mary and secondary flow, but become larger for elevated
primary gas temperature or lowered primary gas density.

4) Increased nondimensional curvature of the secondary-
flow ring layer promotes jet penetration, indicating that for
given jet diameter and area ratio the inner diameter of the
interaction ring section should be as small as feasible.

5) The strip analysis predicts properly the jet deflection
as measured in a simple flow test with a cascade of five jets
issuing into a moving stream at an oblique angle.

6) The strip analysis also predicts properly the trends of
model test results obtained with a complete rotary jet flow
induction model operating within a wide coning angle range
at equal temperatures of the two flows.

7) Jet dissipation measurements and further model tests
with elevated primary gas temperature are needed to better
establish the validity of the analysis.
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