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REVIEW OF EJECTOR NOZZLES
PART 1 - THRUST AUGMENTING EJECTOR NOZZLES

The subject of this article is ejector nozzles, which are intended for the thrust augmentation of jet engines. The
goal of this study is to analyze the contradictions between technical requirements and the requirements of
manufacturability and price, between the required high characteristics of ejectors and compactness, and be-
tween the conflicting goals of achieving a high mixing rate with low losses of the total pressure of the primary
flow within a short total length. Moreover, this study aims to identify methods for rationally reducing these
contradictions by using effective mixers of the primary and secondary flows. The tasks to be solved are: devel-
opment of a classification, revealing the advantages and drawbacks of thrust augmenting ejector nozzles, and
analysis of the main directions in ejector nozzle research (theoretical research based on simplified mod-
els, experimental research using improved models, and research using computational fluid dynamics models).
The following methods were used: search of corresponding information sources on the Internet and analysis
based on operational experience in the aviation branch. The following results were obtained: in terms of in-
formation sources, the classification of thrust augmenting ejector nozzles was developed, their advantages and
drawbacks were formulated, and the results of available research were analyzed. Investigations of thrust
augmenting ejector nozzles for micro-turbojets were analyzed separately. Conclusions. The scientific novelty
of the results obtained is as follows: 1) information from numerous sources of literature that clarifies classifi-
cation features, advantages, and drawbacks of thrust augmenting ejector nozzles, development of these nozzles
investigations by theoretical and experimental methods were collected; 2) a very limited number of publica-
tions and absence (in open-source literature) of methodology as for designing thrust augmenting ejector noz-
zles for micro-turbojet engines was discovered. Thus, the necessity of developing a design methodology for
thrust augmenting ejector nozzles for micro-turbojets has been justified. The goal and challenges of the follow-
ing research are outlined.

Keywords: gas-turbine engine; thrust augmenting ejector nozzle; thrust augmentation; entrainment ratio; pri-
mary nozzle; ejector mixing chamber.

ondary fluid. Thus the ejector increases mass flow rate,
decreasing its speed, which provides static thrust gain

Introduction

Subject actuality. Problem of thrust increase of
small turbojets for Unmanned Aerial Vehicles (UAV) is
very urgency. UAVs use very small turbojet engines,
having static thrust below 1000 N at sea level. All these
turbojets are usually similar in design: a single-stage
centrifugal or diagonal compressor delivering an overall
pressure ratio of up to 4...5, and an uncooled turbine
has limited inlet temperature up to 1000 °C [1]. This
results in a relatively low thermal efficiency (5...15 %),
depending on engine size [1]. Unfortunately, more effi-
cient turbofan engines cannot yet be scaled to this size
for reasons of complexity, manufacturability and costs.
Thus, technical requirements come in contradiction
with manufacturability requirements and cost.

A lot of authors (for example W. M. Presz et al.
[2], J. Georgi et al. [3]) compared two types of thrust
augmenters: a fan with turbine using pressure forces to
transfer energy from the primary flow to the secondary
one, and an ejector using viscous forces to pump a sec-

and noise reduction.

An ejector is a fluid dynamic pump with no mov-
ing parts, which pumps a low-energy secondary fluid
using the kinetic energy of the primary stream [4]. Shear
forces between the primary and secondary flows cause a
mixing process of both streams and a static pressure
drop below ambient pressure in the mixing zone. Thus,
kinetic energy of the primary stream is distributed on a
larger mass flow of air. The specific enthalpies of the
two streams equalize and the ejector exhaust velocity
decreases. For this reason, propulsive efficiency in-
creases. As a result, thrust augmentation can be
achieved (comparing with the engine without ejector).
Because the ejector reduces static pressure after the pri-
mary nozzle, the primary mass flow also increases [3].

In other words, it can be expressed as follows. In
an ejector nozzle, the total available energy of the high-
velocity, primary exhausting stream is partially recov-
ered through the entrainment of the secondary flow and
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viscous interaction to provide an exhaust at a lower ve-
locity, but with a higher mass flow rate. As a conse-
quence, the momentum flux exiting the ejector becomes
greater than that produced by the primary nozzle alone.
This difference in the momentum flux can be character-
ized as the thrust augmentation, which the ejector pro-
vides. The levels of thrust augmentation, which can be
realized by an ejector, depend on several factors such
as: thermodynamic characteristics of the primary and
secondary flows, ejector geometry, losses caused by the
ejector components, and mixing and diffusion
modes [5].

B. Quinn [6] stressed the contradiction between
high performance (which dramatically depends on
mixing perfection and thus requires very long ejectors)
and compactness. Really, while ejectors have tremen-
dous aircraft potential based on analytical predictions,
the ability to implement them in an effective system
application remains limited. One major reason is in-
complete mixing [4, 7]. Typically, conventional ejectors
require a minimum shroud length of 5-7 mixing duct
diameters to achieve good mixing and pumping results
[8]. Long mixing ducts result in large wall-friction loss-
es, extra weight, and higher costs. S. A. Skebe et al. [9]
also noted that for most practical applications, the min-
ing duct length is limited by installation and weight re-
quirements. Therefore, in order to improve ejector effi-
ciency, research efforts have concentrated on develop-
ing ejectors that optimize the conflicting objectives of
achieving a high rate of mixing with low primary
flow total pressure losses within a short overall
length [9].

An improvement in ejector design has been ac-
complished through hypermixing nozzles [10]. Alternat-
ing flaps or hypermixing nozzles on the primary stream
significantly increase ejector mixing for a fixed ejector
length. But the same hypermixing nozzles also create
high mixing losses.

W. M. Presz et al. [4, 11] presented an alternative
approach based on the use of low-loss, forced mixer
lobes in ejector design. They reported more than 100 %
increase in both pumping ratio and thrust augmentation
comparing to conventional ejector designs, as well that
the forced mixer lobes resulted in nearly complete mix-
ing in very short ejector duct lengths and allowed the
use of large diffuser angles (thus giving short length and
low friction losses) without resulting in stall (because
the lobes generated large-scale streamwise vorticity in
the ejector mixing duct, which cause the primary and
secondary flows to mix rapidly with low loss); in addi-
tion, a velocity profile is created at the diffuser inlet,
with high velocities near the diverging walls, which
allows high expansion ratios [4].

Povinelli, L. A. & Anderson, B. H. [12] showed
that the large-scale secondary flows, not viscous diffu-

sion, are the key to low-loss efficient mixing. The
forced mixer lobes use the third dimension to initiate
large-scale streamwise vorticity [4]. These vortices rap-
idly stir the nozzle and external flows together, dramati-
cally increasing the interfacial contact area between the
streams, using convective rather than shear mixing, and
therefore providing the enhanced mixing to occur [8].
Such convective mixing is rapid and more efficient than
shear mixing. The lobe contour shape is the key to gen-
erate these low-loss, large-scale (stirring) vortices [4].
Forced mixer ejectors, on the other hand, have been
shown to be capable of pumping near-ideal levels of
secondary flow with shroud lengths on the order of 1-2
mixing duct diameters. This translates into a significant
weight and material savings for aircraft implementa-
tion [8].

There are a lot of publications, devoted to both
theoretical and experimental investigations of thrust
augmenting ejectors. But ejector nozzle application in
small turbojets for UAVS has been studied insufficiently
(this shows the scientific actuality of the problem). As
a result, the ejector nozzles, which were widely used in
the past for supersonic aircraft and are now used in var-
ious fields of engineering, are practically not used in
aviation turbojets for UAVs (this determines the practi-
cal actuality) Thus, the problem consists in develop-
ing the method for ejector nozzle designing, which
can considerably increase thrust of small turbojets
for UAVs.

This article reviews publications on theoretical,
numerical and experimental research of ejector devices
with the aim of finding solutions suitable for use in the
field of low-thrust engines.

1. Ejector Nozzles: idea appearance,
advantages and drawbacks

As it is known, ejector is a device, which uses a
high momentum flow and entrains the surrounding sec-
ondary flow from environment due to the momentum
exchange and shear stresses action between the two
flows (when the secondary flow comes from the main
air intake of airplane after engine cooling, then the flow,
which is captured from environment, is called tertiary
one). Ejectors are widely used in various branches of
industry, such as fluid transportation [13], mixing [14,
15], refrigeration [16, 17, 18], noise reduction systems,
vacuum generation [19], thrust augmentation [3, 20,
21], gas-dynamic lasers [22], fuel cells [23], and even to
reduce emission of gas burning jets [24].

Many authors (for example [20, 3]) draw an analo-
gy between a bypass turbojet engine and an ejector noz-
zle. In both cases a portion of primary flow energy is
transmitted to the secondary flow, as a result of which
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greater total gas flow is accelerated, that allows to in-
crease thrust and to decrease specific fuel consumption.

Although ejector pumps were being used for a va-
riety of applications since the late 1800's [7], it hap-
pened so, that the first exploratory tests of ejector aug-
menters took place only in 1927 [25]. Though, perhaps,
these tests were oriented toward showing the feasibility
of jet propulsion for airplanes; the first actual applica-
tion of an ejector augmenter took place in soviet ambu-
lance sled during the Great Patriotic war [26], and it
utilized the Coanda Effect. Shortly thereafter the tech-
nical community finally realized the potential of these
devices by means of von Karman's classical theoretical
paper [27] for diffuserless ejector augmenters in incom-
pressible medium.

Ejector nozzles give the following advantages:
. Reduce noise around the nozzle [2, 28].
. Increase in thrust [2, 28, 29].
. Decrease in specific fuel consumption [28].
. Increase in engine thrust efficiency [2].
. Reduce the exhaust gas temperature [30].
. Get simple basic design [7].

7. Minimize the number of the nozzle moving
parts [7].

8. Simplify geometric constraints matching [7].

9. Get low mass and dimensions of the structure
[71.

10. Cool engine and nozzle [21].

Drawbacks of ejector nozzles are considered as:

1. Additional total pressure losses caused by com-
pression shocks [28].

2. Possible additional external drag caused by flow
air intakes [28].

o O, WN

2. Ejector Nozzles Classification
and Their Main Parameters

Ejector nozzles can be classified according to sev-
eral features (Fig. 1):

— by cross-section shape: circular and rectangular;

— by primary nozzle duct shape: convergent and
convergent-divergent;

— by mixing type: at constant area and at constant
pressure;

— by shroud shape: cylindrical, conical and diver-
gent;

— by primary nozzle type: Coanda, central, multi-
ple, hypermixing, lobe and multi-stage.

In addition, ejector nozzles can be subdivided into:
static ones (in which the flow parameters do not change
with time) and dynamic ones (in which the flow param-
eters rapidly and periodically change with time).

Three parameters are the most often used to char-
acterize ejector nozzles:

— thrust augmentation, which is the ratio of ejector
nozzle thrust (F;) to the thrust of isolated primary noz-

zle (Fpideal): d) = Fej/Fpideal ;
— entrainment ratio (or secondary mass flow ratio, or
mass flow ratio), which is the secondary mass flow (m;)

ratio to the primary mass flow (m, ): w = l‘i’ls/ﬁlp .
—degree of mixing PB= J'vgsdAg,S/(\_/%sA%),

where vs is the velocity, A, is the area, v is the
average velocity at the ejector shroud exit.

| Ejector Nozzles |
By primary nozzle By shroud By primary
duct shape duct shape nozzle type
I_l_l [ ll 1 (LI D I . I
= || B 9] o O || E
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Fig. 1. Ejector Nozzle Classification
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Analysis of literature allows us to distinguish four
stages in the study of ejector nozzles:

1. The stage of theoretical researches basing on
simplified (usually 1D) models.

2. The stage of wide experimental researches.

3. The stage of theoretical researches based on en-
hanced (usually 2D) models.

4. The stage of researches with extensive use of
computational fluid dynamics (CFD) models.

In addition, to consider development of the afore-
mentioned researches, it will be also useful to briefly
review related areas:

— Ejectors from other fields of engineering;

— Additional air intakes and afterbodies;

— Turbofan mixers.

3. Analysis of Theoretical Researches
Based on Simplified Models

It is assumed that, the first theoretical publication
on ejectors became the article of J. H. Keenan et al. [31]
(1942), where results of theoretical research of the sim-
plest form of ejector were presented. In 1942
R. Morrison [32] performed an incompressible analysis
of an ejector. In 1949, von Karman [27] presented the
basic information on cylindrical jet ejectors operating
under idealized, incompressible flow conditions. In this
analysis, an attempt was made to account for the effect
of the non-uniform velocity profile at the secondary
flow entrance to the mixing chamber on jet ejector
thrust augmentation. In 1949, J. C. Sanders et al. [33]
proposed an ejector nozzle thrust calculation method by
integration of pressures over the ejector surfaces. The
pressures were determined by 1D analysis, assuming
complete mixing of two incompressible flows.

In 1950, J. H. Kennan et al. [34] presented a 1D
method of ejector analysis and considered mixing of the
primary and secondary streams at constant pressure, and
mixing of the streams at constant area. It was shown
that, better performance can be obtained when constant-
pressure mixing is employed. In 1951, F. Kochendorfer
et al. [35] came to conclusion that for low values of the
primary nozzle pressure ratio (primary stream total
pressure at primary nozzle exit ratio to ambient static
pressure), the performance of aircraft cooling ejectors
could be adequately explained by the methods of non-
viscous fluid mechanics, and mixing effects could be
neglected. In 1954, F. Kochendorfer et al. [36] showed
that for an ejector having a convergent shroud the max-
imum flow and pressure values can be much less than
those for a cylindrical ejector, the discrepancy increas-
ing for larger amounts of convergence. In 1955,
B. Szczeniowski et al. [37] presented 1D theory of the
jet siphon for nonvicous fluid with curvilinear coordi-
nate.

In 1962, J. Reid [38] considered simplified theoret-
ical analysis for constant area mixing. The analysis in-
dicated that although the system of flow equations for-
mulated can be solved in principle, the numerical solu-
tions are very difficult to obtain. In 1966, A. Bernstein
et al. [39] presented 1D theory of compound-
compressible streams. The flow in each stream was as-
sumed steady, adiabatic and isentropic flow of a perfect
gas with constant thermodynamic properties. Compari-
son of 1D theory calculations with 3D theory ones and
with experimental data showed good agreement. But
application of this theory is limited by streams having
weak mixing. In 1967, K. Huang et al. [40], presented
may be the most perfect collection of 1D theoretical
models of thrust augmentation estimation for axisym-
metric jet ejectors (Fig. 2). The models include the ef-
fects of ejector geometry, flow compressibility, major
flow losses, and forward speed. An attempt was done to
estimate influence of nonuniform velocity profile at the
secondary entrance. Minimal mixing chamber length
required for complete mixing of the primary and sec-
ondary flows was also estimated.
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Fig. 2. Thrust augmentation ratios according to [40]:
1 — Ideal; 2 — Accounting losses; 3 — Accounting
compressibility; 4 — Accounting entrance irregularity

In 1974, P. M. Bevilaqua [10] proposed flat hy-
permixing nozzle to increase the rate of jet mixing and
improve ejector performance for V/STOL aircraft. It
was stressed that, thrust augmentation ratio of short
ejector can be increased by better mixing (hypermixing
or introducing streamwise vorticity into the jet), even at
the expense of some reduction in nozzle efficiency.

In 1975, H. Viets [41] gave areview of some thrust
augmenting ejector concepts that have been tested, in-
cluding the hypermixing nozzle and several unsteady
flow ejector designs. In 1977, H. Viets [42] concluded
that the efficiency of energy transfer can be improved if
the flows are accelerated so that, the velocity difference
between them, at collision, is minimized, which is pro-
vided by the ejector shroud (which lowers the static
pressure within the mixing region and thereby acceler-
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ates the ambient air into the device). In 1978,
K. S. Nagaraja gave an overview of ejector technology
[43]. He noted that, augmentations (which correspond to
high inlet area ratios in single-stage ejector) can be
achieved in the two-stage ejector with smaller inlet area
ratios. In 1979, J. L. Porter et al. [7] considered an ejec-
tor as consisting of four distinct components (primary
nozzle, secondary inlet, interaction section, and exhaust
diffuser) and gave a lot of useful recommendations as
for their designing. In 1981, J. L. Porter et al. [44] pre-
sented an overview of ejector theory, and mentioned
that, the theoretical predictions based on the control
volume approach could be improved by introducing
corrective terms (taken from experiments) to character-
ize losses such as skin friction, flow skewness, etc., but
they were always configuration-dependent. The physical
phenomena approach also required lots of assumptions,
which were necessary to close the system of equations,
but some of them were empirical and sometimes contra-
dictive. In 1981, K. S. Nagaraja [5] presented an analy-
sis of the relative effects of mixing and expansion on the
ejector flow. In 1981, M. Alperin et al. [45, 46, 47] pre-
sented analysis of thrust augmenting ejectors taking into
account fluid compressibility and assuming complete
mixing in a chamber of constant cross-section. There
exist two solutions to the equations representing the
conservation laws of mass flow and energy as well as
the momentum theorem. In 1988, W. M. Presz et al.
[48] presented a similarity principle, which allowed to
infer the performance of exhaust systems from model
testing conducted with uniform stagnation temperatures.

In 1991, W. M. Presz [49] theoretically proved that
the ejector system thrust is equal to the lip suction force
occurring on the secondary flow inlet, and next that the
ejector pumping is independent of the pressure ratio of
the primary flow.

In 2010, W. H. Heiser [20] considered unsteady
ejector nozzles application for pulse detonation engines
and presented formulas for thrust augmentation and
entrainment ratio. Unfortunately, these formulas were
not provided with any derivation or reference.

4. Analysis of Experimental Researches

It is assumed that the earliest experimental studies
of ejector nozzles were described in 1932 by
E. N. Jacobs et al. [25], who presented the results of
tests of annular guides surrounding the jet for use as
thrust augmenters. The purpose was to transmit availa-
ble kinetic energy to the surrounding air to reduce the
velocity and increase the momentum of the jet. The
Melot type augmenter (four-stage ejector) and two ver-
sions of Venturi tubes (with and without the divergent
cone) were used in stationary conditions with com-
pressed air at ordinary temperature to estimate the feasi-

bility of jet thrust augmentation. The Melot type aug-
menter gave the highest thrust among them. The authors
concluded that, while the small augmenters had some
beneficial effect, the greatest part of the thrust increase
is obtained from the Venturi tube action of the diverging
cone. It was stressed that the maximum thrust of the
Melot type augmenter was at lower primary pressure
than for other versions.

In 1942, E. J. Manganiello [50] presented results
of experimental researches of suitability of ejectors ac-
tuated by the exhaust gases of an air-cooled aircraft ra-
dial piston engine to provide air cooling of the engine in
the ground conditions.

Starting from 1950, NACA/NASA began con-
ducting systematic experimental studies of ejector noz-
zles. There are NACA/NASA reports devoted to conical
ejectors [51, 52, 53, 54, 55, 56, 57, 58], cylindrical ejec-
tors [35, 59, 60, 57, 61, 62, 63, 2], double-shroud ejec-
tors [64, 65], and divergent ejectors of low divergence
angles [56, 66, 67], and also to ejector nozzles with
movable shroud flaps [68, 69, 70, 71] or tertiary air
flaps [72, 73]. In addition, various ejector configurations
have been investigated with external flow [74, 75, 76,
77,68, 69, 72,73, 78, 79].

In 1970, in the Internal Aerodynamic Manual [80]
experimental data from some NACA reports were con-
solidated. Some kinds of operation instability of ejector
nozzles (high area ratio separation buffeting, low area
ratio vibration, subsonic jet acoustic oscillation etc.) and
their solutions were reported in the manual.

In 1970", great deal of work was done on ejector
nozzles for VTOL aircraft, which used Coanda effect [6,
81, 82]. Since 1980™, researches started of forced mix-
ers application to ejector nozzles [11, 4, 83, 84, 9, 85,
86, 87, 88, 49, 8, 89] and 2D ejector nozzles [90, 86, 87,
88, 49, 8].

In 1990, L. Stitt [91] gave an extended outlook on
the supersonic nozzle designing from 1950 to 1985. The
author made some conclusions: 1) to decrease ejector
thrust losses, it is desirable to make rounded shoulder
(throat); 2) to reduce boattail drag at high subsonic
speeds (increase its critical Mach number), it is desira-
ble to use radius (more than 2.5 diameters of the na-
celle) in boattail juncture with cylindrical portion of the
nacelle.

In 1999, J. Der [92] proposed to redefine the spac-
ing ratio as a ratio of distance between the trailing edge
of the primary nozzle and the end of the ejector shroud
to the flow gap between the primary nozzle and the
gjector shroud (instead of the distance related to the
primary nozzle diameter). It makes graphs for free-
mixing layer attachment independent on the ejector area
ratio. New coordinates were also proposed for experi-
mental mass flow ratio charts, which made the chocked
and unchocked secondary flow regions more visible.
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Since 1990™, investigations started devoted to thrust
vectoring ejector nozzles [93]. Since 2010™, investiga-
tions began of multi-stage ejectors [94] and ejector appli-
cations for pulse detonation engine [20, 95].

5. Analysis of Theoretical Researches
Using Enhanced Models

In 1942, J. A. Goff et al. [96] made the first at-
tempt to consider the ejector in 2D formulation; alt-
hough rational structure was not found yet, the results
obtained gave direction to the following researches. In
1950, D. R. Chapman [97] presented 2D theory of lami-
nar mixing of a compressible fluid, which allowed cal-
culating of velocity profile for laminar mixing.

Most of the early analytical efforts to analyze ejec-
tor nozzles were based on the 1D concepts [35, 61, 39].
In these studies, 1D isentropic relations were applied to
both the primary and secondary flows which were con-
sidered to coexist within a cylindrical shroud and al-
lowed to have different average pressures. Realizing
that such a treatment has limitations, later analyses con-
structed the primary flow using the method of character-
istics, while assuming 1D isentropic flow for the sec-
ondary stream [98, 99, 100]. In spite of these refine-
ments, these analyses did not accurately predict the per-
formance of many ejector nozzles of particular design,
because they did not account for typical physical phe-
nomena, which occur within ejector nozzles [101].

In 1964, W. L. Chow et al. [99] considered the
primary flow by using the method of characteristics,
while 1D isentropic theory was used for the secondary
stream. In this model, the dissipative effects of the mix-
ing process were not treated as an interaction problem,
but rather superimposed on the inviscid jet boundary in
the classical boundary-layer approach. In 1965,
P. G. Hill [102] presented 2D computational prediction
of the mean velocity field of incompressible turbulent
jets immersed in secondary streams confined by con-
stant area ducts. The author used jet self-preservation
hypothesis for calculation of the mean velocity field of
jets surrounded by constant-velocity streams by free-jet
data. In 1966, P. Payne [103] presented a 2D theoretical
analysis of a jet ejector with constant pressure mixing
assuming flows to be incompressible. This analysis in-
dicates that the optimum thrust augmentation is primari-
ly dependent on the diffuser efficiency and that augmen-
tation ratios as high as 4.0 or more are possible with
high diffuser efficiencies. This conclusion is based on
an infinite secondary-to-primary mass flow ratio which
cannot be achieved in practice. In 1966, H. H. Korst et
al. [104] presented 2D theory of isobaric turbulent mix-
ing of two compressible non-isoenergetic streams of
identical compositions having an effective turbulent
Prandtl number of unity based on the continuity and

momentum integral methods. In 1967, P. G. Hill [105]
presented 2D model to predict the mean velocity field of
incompressible turbulent jets immersed in secondary
streams in a C-D axisymmetric tube.

In 1972, B. H. Anderson [101] presented computer
program, which incorporates several phenomena not
previously considered (non-uniformity of primary noz-
zle inlet flow conditions (spacious sonic line); com-
pressible flow through chocked conical nozzle; stream-
wise variation in the mixing process) influence on noz-
zle efficiency (ratio of nozzle thrust without free stream
static pressure multiplied by nozzle exit area to sum of
the ideal thrusts of the primary and secondary flows)
and total pressure ratio. In 1974, B. H. Anderson [106]
presented analytical procedure for computing the per-
formance and flow-field characteristics of supersonic
gjector nozzles. This 2D theory included the effect of
above-mentioned phenomena. In 1974, B. H. Anderson
[107] presented results of computational investigations
of interrelation between various supersonic ejector noz-
zle design parameters (primary nozzle lip angle, shroud
throat spacing ratio, shroud shoulder (throat) diameter
ratio, shroud (exit) diameter ratio) and performance us-
ing in-house software [106]. The author stressed two
factors that strongly influenced nozzle performance: the
primary nozzle inlet flow field and the mixing process
between the primary and secondary flow fields.

B. H. Anderson [107] also noted that a continuing
problem in the development of exhaust nozzle systems
is the large number of design parameters, which the
engineer must consider in order to optimize an ejector
nozzle (such as: area ratio, length ratio, shroud geome-
try, shroud shoulder diameter ratio, spacing ratio, prima-
ry nozzle geometry, weight flow ratio, temperature ra-
tio, Reynolds number, and so forth).

In 1986, D. Brooke et al. [108] presented an equiv-
alent area developing method for 2D C-D exhaust noz-
zles with varied ejector flow, using an existing axisym-
metric ejector nozzle prediction program.

6. Analysis of Researches
Based on CFD Models

As authors of publication [17] noted, despite use-
fulness and the remarkable progress, which 1D models
provided for the general understanding of ejector opera-
tion, these kinds of studies were unable to reproduce all
the flow motion physics inside an ejector (interactions
between shocks and boundary layer, vortex generation,
mixing and compression rate), that will allow a more
reliable and accurate appointing of geometry and pa-
rameters of ejector operation. A way of achieving this
objective at a reasonable cost is CFD.

In 1978, W. L. Rushmore et al. [109] presented 3D
finite element computer code to analyze ejector (for
VTOL aircraft) and mixers (for turbofans). Good
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agreement of computer calculation results with experi-
mental data was reported.

In 1992, J. DeBonis [110] presented results of
CFD analysis of rectangular mixer/ejector nozzle for
supersonic transport aircraft with the purpose of noise
suppression at takeoff mode (M=0.27). The author con-
sidered two mixing sections: constant area and diverg-
ing and stressed that, the most important attribute of a
mixer/ejector nozzle is its mixing effectiveness.

In 2004, E.Jason [111] proposed a calculation
method for rocket engine inside cylindrical shroud. It
was concluded that, the ejector with single primary flow
did not provide desired transfer of kinetic energy from
the rocket exhaust to the air stream, but rather trans-
ferred the kinetic energy to turbulent energy (thus it
showed no significant mixing between the two streams
and the decrease in total pressure within the air stream).
Two combinations of annular and central jets (50/50 and
75/25) were considered and found that, they improved
the mixing process. In 2007, Y.-H. Liu [112] presented
results of numerical research of 12-lobed exhauster-
ejector mixer (to improve its pumping performance).
The highest entrainment ratio appears when the primary
flow properly attaches the inner wall of the mixer.

In 2010, S. Khalid et al. [21] considered mechanism
responsible for secondary flow entrainment and thrust
augmentation of a cylindrical shroud ejector of subsonic
mixed flow turbofan using 2D axi-symmetric CFD analy-
sis. In 2011, D. Thirumurthy et al. [113] presented results
of CFD investigation of ejector nozzle with chevrons and
clamshells for supersonic cruise aircraft. To remove the
separation and recirculation zones on the inner surface of
the clamshells, the authors used chevrons, which generat-
ed streamwise vortexes, promoted mixing and outward
spreading and attaching of the shear layer to the inner
surface of the clamshells. In 2015, T. Luginsland [114]
(for the first time in compressible statement) investigated
the role of the nozzle-wall thickness and the nozzle length
on the vortex breakdown on swirling-jet flows of a rotat-
ing nozzle. In 2019, Z. Hoter et al. [115] presented results
of numerical study of a one-sided flat mixer ejector noz-
zle. The authors varied ejector inlet gap height, ejector
flap leading edge radius, streamwise throat location and
mixing tabs with the purpose to provide enough thrust
during takeoff.

In 2020, Z. Dong et al. [116] considered ejector
mode of rocket-based combined-cycle engine operation.
The authors numerically investigated the effects of the
rectangular cross-section mixer geometrical parameters
on the flow structures and mixing characteristics in the
converging-diverging mixing duct under no backpressure
condition. In 2020, H. Huang et al. [117] considered inte-
grated ejector nozzle with tertiary door under zero flight
Mach number and low nozzle pressure ratio (0.9...2.1)
using CFD analysis. In 2021, H. Li et al. [118] defined

and compared modes of the over-expanded, fully expand-
ed and under-expanded states for a steam ejector using
the CFD method. The states influence on mass flow rate
and entrainment ratio were analyzed. In 2022, Z. Li et al.
[119] considered flat ejector nozzle with tertiary door in
full-open and open-close position under transonic Mach
number (M=1.2) using CFD analysis. It was concluded
that full-open valve configuration generated greater thrust
due to greater additional (tertiary plus secondary) flow
and due to less losses for vortex formation. In 2023, Z. Li
et al. [120] considered the same nozzle and noted that the
airflow in such ejector nozzle had the phenomenon of
lateral flow, forming a vortex ring, which sizes gradually
decrease along the flow direction. In 2023, Z. Li et al.
[121] considered four versions of tertiary air inlets (hav-
ing sector angle 30°, 22.5°, 18°, and 15°) for the same
nozzle. As a result of CFD simulation, the authors dis-
covered that the first of them gives the biggest thrust (by
0.5 %), significant lateral flow and multi-pair vortexes,
which promote more exchange and transfer of gas energy
in the nozzle.

In 2024, F. C. Nwoye et al. [15] presented results
of investigation of the shear layer interaction, mixing,
and entrainment behavior of an ejector design for the
different streamlined shapes of the nozzle. The authors
considered four different circular primary nozzles and
got almost identical poor mixing. In 2024, A. Vinz et al.
[122] presented results of CFD research of boundary
layer ingestion engine integration concept. It was dis-
covered about 5.3 % decrease in required shaft power
due to embedding comparing with conventional under-
wing turbofan arrangement. In 2024, Y. He et al. [29]
considered numerical simulation of axisymmetric ejec-
tor nozzle integrated with the afterbody of an aircraft,
using axisymmetric 2D-model at a Mach number of
1.05. It was stressed that factors, which have the most
significant influence on the aerodynamic performance
of the ejector nozzle, are ejector nozzle throat area ratio
to primary nozzle exit area and the ejector nozzle outlet
area ratio to the primary nozzle area.

In 2025, S. A. |. Bellary et al. [123] presented re-
sults of CFD investigation of a shock train contained
within a C-D nozzle duct, with the purpose to isolate the
shock wave inside it, so that fuel injection can be done
at a supersonic Mach number. In 2025, G. Scarlatella et
al. [124] presented results of CFD analysis of advanced
reverse-propulsion nozzle conceptsfor vertical take-off
and vertical landing reusable launch vehicles, with the
aim to evaluate altitude compensation in subsonic coun-
ter-flows.

7. Analysis of Ejector Nozzles
for Micro-Turbojets

In 2010, Y. Shan et al. [125] presented results of
experimental and CFD researches of ejector nozzle with



52

ABIAIIIMHO-KOCMIYHA TEXHIKA I TEXHOJIOT'ISL, 2025, Ne 4(204)

ISSN 1814-4225 (print)
ISSN 2663-2012 (online)

12-lobed mixer for micro turbojet engine. The authors
reported about optimum lobe expansion angles
(8.5°...13°), which correspond to the maximum thrust
augmentation  (1.355...1.351). Experimental data
demonstrated that the ejector with lobe mixer provides
thrust augmentation of 1.299 comparing to the engine
thrust without ejector.

In 2013 J. Georgi et al. [3] presented experimental
characteristics of a micro-turbojet engine (having 300 N
thrust) with ejector for scaled flight demonstrator hav-
ing limited Mach number (0.2). The achieved thrust
augmentation is at maximum less than or equal 4 %. Its
optimum depends on the ejector geometry. A longer
ejector resulted in a loss of thrust augmentation because
of friction losses; shorter ejectors lead to incomplete
mixing and thus again to a loss in thrust augmentation.

In 2019, R. Schmidt et al. [126] presented results
of experimental investigation of micro-turbojet engine
(180 N) with ejector nozzle. They stated the require-
ments for the nozzle as: ejector mass flow ratio 1...2;
exhaust gas temperature <300 °C; thrust augmentation
10...15 %; reduction in SFC by 10...15 %. Two prima-
ry nozzles were investigated: a chevron nozzle and a
lob-mixer nozzle with two types of secondary inlets
(having large and small gaps). The ejector nozzle with
chevron primary nozzle and large gap demonstrated
substantial flow irregularity, 4.5 % greater thrust and
5 % lower SFC than the chevron nozzle without ejector.
The ejector nozzle with chevron primary nozzle and
small gap demonstrated substantial flow irregularity and
no thrust or SFC difference comparing to the chevron
nozzle without ejector. The ejector nozzle with primary
lob mixer nozzle demonstrated better temperature and
velocity equalization and 4 % greater thrust at design
point. In the same time an engine throttling was detected
(only 99 % of maximum rpm was reached), which re-
sulted in SFC increase. The authors concluded that
small gap caused more losses in the secondary air inlet;
and the lob mixer nozzle can increase the pumping of
secondary air through better mixing ability and im-
proved design. The authors also stressed that, significant
thrust augmentation is only possible at take-off and low
air speed conditions.

In 2021, R. Schmidt et al. [30] presented results of
numerical and experimental investigations of mixer ap-
plication in an ejector nozzle of micro-turbojet for
UAVs. The authors note that the lobe mixer nozzle and
especially scalloped lobe mixer nozzle achieved higher
mixing speeds. But thrust augmentation of these nozzles
(9.0 % and 6.5 %) is rather low. Some mixer parameters
influence on mixing ability was analyzed. It was found
that the mixer cutback angle (varied from 0° to 15°) has
minor impact. Increase in the number of lobes resulted
in better mixing, but increase in surface area and in fric-
tion losses reduced thrust (by 1 % between 6 and 12

lobes). Contoured inner cone did not improve the mix-
ing.

In 2022, R. Schmidt et al. [1] presented results of
CFD and experimental investigation of ejector nozzle of
micro-turbojet (180 N) for UAV. Some primary nozzles
were considered (classic nozzle, 8-, 10-, 12-lobe mixer
nozzles and scalloped 8-lobe mixer nozzle). The authors
reported that, the maximum thrust augmentation 1.11
was reached for 8-lobe mixer nozzle. High thrust aug-
mentation could be achieved despite a deterioration in
the degree of mixing. The mesh influence study showed
an increasingly unstable behavior in the convergence of
the solution while lowering the element size, at some
element sizes, a strong oscillation of the mass flow oc-
curred. The comparison with experiments showed high
deviations between the simulation and the measurement
results. The simulation assumed uniform inflow condi-
tions. In reality, the inflow conditions into the primary
nozzle had strong gradients in the radial and circumfer-
ential directions.

In 2023 G. Cican et al. [28] considered ejector in-
tegrated with Jet Cat P80 micro-turbojet engine for low
subsonic speeds. Results of 3D simulations to get opti-
mal ejector geometry from the condition of maximum
thrust showed that, due to the ejector application, the
thrust increased (by 2...7 %), and the specific fuel con-
sumption decreased (by 5...12 %) depending on re-
gimes.

In 2025, A. Bogoi et al. [127] presented results of
experimental comparative study of noise control in mi-
cro-turbojet engines with chevron and circular ejector
nozzles. It was noted that chevrons promote higher mix-
ing rates and smaller vortices, generate smaller, con-
trolled vortices near the nozzle, which improve mixing
and reduce noise.

Conclusions

1. Specificity of power plants for UAV defines
special requirements, which are made to their thrust in
various conditions of practical application.

2. One of the known methods of aviation jet en-
gine thrust increase is based on application of ejector
nozzles.

3. Ejectors are also used in multitude of other
fields of engineering.

4. This problem was studied by analytical meth-
ods, 1D, 2D and 3D numerical simulation methods, as
well as by experimental methods, and the results were
published in numerous papers.

5. However, results presented in the literature are
often contradictory (thus, there is a big divergence be-
tween the theoretical estimations of thrust augmentation
ratio for low speeds (near 4.0) and its experimental val-
ues (below 1.1)). It is caused by presence of great num-
ber of factors, influencing on the flow interaction within



Jleuzynu i enepzoycmanoexku J1imaibHux anapamie

53

an ejector and, particularly, on the thrust generation;
consequently, theoretical investigations are based on
different initial assumptions and leaded to different re-
sults.

6. The review showed that one of the major pro-
cesses, influencing ejector nozzle thrust, is the flow
mixing.

7. Within considered sources, it was not succeeded
to find any logically expounded designing method of
thrust augmenting ejectors for UAV turbojets. Thus,
development of this method is an urgent problem.

8. To reach the stated goal, it is necessary to solve
the following problems:

— Develop mathematical model of UAV’s power
plant with turbojet and ejector nozzle;

— Develop engineering designing method of ejector
nozzle for micro-turbojet;

— Verify this method in an existing engine.
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o1 POBIT I3 JOCIIIKEHHSA EXKEKTOPHUX COIIEJL
YACTHUHA 1 - EXXEKTOPHI COIIJIA JJIs NIAIBUIIEHHSA TSIT'

P. 10. llykanos, C. B. €Eniganos

IIpeameTom BUBYEHHS B CTAaTTi € €KEKTOPHI COILIA, MPU3HAYEHI IS TiIBUIEHHS TATH PEAKTHBHUX JABHUTYHIB.
MeTo10 € aHaji3 MPOTUPIY MiX TEXHIYHHMMH BHMOTaMH Ta BUMOTaMH TEXHOJOTIYHOCTI Ta IiHM, MK NOTpiOHMMU
BHCOKMMH XapaKTEPUCTUKAMH €XKEKTOPIiB 1 KOMIIAKTHICTIO; MK CyNEepewIMBHMHU IUISIMH JIOCSTHEHHS BHCOKOTO
TEMITy 3MIIIyBaHHS 3 MaJUMHU BTpaTaMU MMOBHOTO THCKY ITEPBUHHOIO IMOTOKY B MEXaxX KOPOTKOI 3arajibHOi JIOBXKH-
HH, 2 TAKOXX METOJIB PalliOHaJHHOI'O 3MEHIICHHS 3a3HAYCHUX MPOTHPIY IUITXOM 3aCTOCYBaHHS €PEKTUBHUX 3Mi-
LIyBayiB MEPBUHHOIO ¥ BTOPHHHOTO MOTOKIB. 3agadi: po3pobieHHs Kiacudikaiii, BUSIBICHHs NepeBar Ta HeJoMi-
KiB €KEKTOPHUX COIIEIN JUIS IiJBUIIEHHS TSATH, aHaJIi3 TOJIOBHUX HANPIMKIB JIOCHTIPKEHHS €KEKTOPHUX corel (Teo-
PETUYHHX JIOCHTI/DKEHh HA OCHOBI CIIPOLIEHUX MOJEJel, eKCIIEpUMEHTAIbHUX JOCIIIKEeHb, TEOPETHUHHX JIOCIHi-
JDKEHb Ha OCHOBI BJIOCKOHAJIEHHX MOJIENEH Ta JIOCHIDKEHb 3 BUKOPUCTaHHS Mojieell 004YHCITIOBAIBHOI T1IpoIUHA-
Mikn). BukopucToByBaHMMH MeTOJaMHM €. MOUIYK BiINOBITHUX JUKepen y Mepexi Internet Ta ix aHami3 BUXOII4H 3
BJIACHOT'O JIOCBiAy poOoTu B aBiawiiiHiil ramy3i. OTpuMaHo HacTynHi pe3yabTaTH. Ha OCHOBI 3HaleHUX JpKepen
iH(opMarii po3polIeHO KIacupiKaIito SKEKTOPHUX COMEN IS IMiABUIICHHS TATH; cOPMYIBOBAaHO iX mepeBaru
Ta HEJONIKH; MPOAaHATI30BaHO PE3YNIbTaTH HAassBHHUX AOCHIIKeHb. OKpPEMO MpOaHali30BaHO JOCHTIKEHHS €KEKTO-
PHHX COTIeN JUIs MiJABUILEHHS TATH MIKpO-TypOOpeakTUBHUX JBUI'YHIB. BHcHOBKHM. HaykoBa HOBH3HA OTpHMMaHHX
pe3yabTATIB MOJISITAE€ B HACTYHMHOMY: 310paHo iH(popMaIliio 3 0araTboX JITEPATypHHUX JKEPEN, sKa BHUCBITIIOE Kiia-
cudikaliiini 0CoOIUBOCTI, IEPEBary W HEOMIKH €KSKTOPHUX COMEN IS ITiABUIICHHS TSATH, PO3BUTOK JOCIIHKESHHS
[IUX COIIEJI TEOPETUYHUMHU (Ha OCHOBI aHAJITUYHHX MOJIENEH, & TAKOXK 3 BUKOPUCTAHHSM OOYHMCITIOBAJIBHOI I'iIPOJIH-
HaMiK{) Ta €KCIIepHUMEHTAJIbHIMHU MeToJaMu. BusBIeHO nyxe OOMEXeHy KiJIbKiCThb MyONiKaIlii i BiACyTHICTb (Y
BIZIKpUTUX JDKepelax) METONMKH ILIOA0 TPOEKTYBaHHS €KEKTOPHUX COMeN Ui MiIBUILEHHS TACH MIKpO-
TypOOpEeaKkTUBHUX IBUTYHIB. TakuM 4MHOM, OOIPYHTOBAHO MOTPEOY B PO3POOJICHHI METOANKH MPOEKTYBAHHS €XKEK-
TOPHOT'O COIUIA JJIsI MiJBUIICHHS TATH MIKpO-TYpOOpeakTUBHHX JIBUTYHIB. HamiueHo MeTy Ta 3a/adi MoJasIbIINX
JOCTIKEHb Y Ll ramysi.

KuniouoBi ciioBa: ra3oTypOiHHMIA IBUTYH; €KEKTOPHE COILIO YIS MiJBUIIEHHS TATH; KOS(II[EHT MiIBUILECHHS
TATH; BiHOIICHHS BTOPMHHOI BUTPATH 10 NEPBUHHOI; IEPBUHHE COIJIO; KaMepa 3MIIlyBaHHS €XEKTopa.

HyxanoB Pycaan IOpiiioBuy — crapi. BUKI. Kad. IMPOEKTyBaHHsS JITakiB i BepToiboTiB, HaiioHanbHui
AEPOKOCMIYHUI yHiBepcHTET «XapKiBChKil aBialliifHUid IHCTUTYT», XapKiB, YKpaiHa.
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