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Abstract

A new quasi-one-dimensional ejector model for the prediction of ejector performance is
carried out, which is based on the theory of ideal gas expansion and free layer development.
The model is proposed for calculation of the variable area bypass injector (VABI) and
ejector nozzle in the variable cycle engine (VCE), both at the design point and off-design
point. The internal structure of ejector nozzle is determined based on an analysis of the
flow field of the 2D ejector nozzle Computational Fluid Dynamics (CFD) result. The flow
during the expansion section is divided into three parts: primary flow, secondary flow, and
mixed layer flow. Combined with the growth rate of mixing layer thickness, the calculation
methods of ejector nozzle exit parameters under critical working conditions and blocking
working conditions are given, and the calculated results demonstrate a strong consistency
with CFD results, maintaining relative errors below 3%. This method is used to evaluate
the ejector nozzle capacity quickly in the overall design stage, which provides theoretical
support for the design of the main bypass system of a variable cycle engine.

Keywords: ejector nozzle; quasi one-dimensional model; variable cycle engine

1. Introduction

Wide-speed-range hypersonic flight represents a pivotal advancement direction for
next-generation aerospace vehicles. To realize large-altitude-speed-domain operations
spanning subsonic/transonic/supersonic regimes, aircraft propulsion systems are evolving
toward an integrated hybrid propulsion architecture. Among these, high-Mach-number hy-
brid propulsion systems [1] incorporating variable-cycle turbine-based engines [2] demon-
strate exceptional technical potential for overcoming velocity—thermal coupling challenges
across divergent flight conditions.

The variable cycle engine (VCE) fundamentally differs from conventional jets in the uti-
lization of variable geometry mechanisms to adjust overall cycle work points dynamically,
enabling adaptation to diverse operational conditions while simultaneously accommo-
dating both turbojet and turbofan cycle characteristics. As a representative adjustable
geometric component in VCE, the ejector nozzle [3] significantly enhances wide-speed-
range aerodynamic capability, with design variations critically influencing the overall
operational efficiency of the engine.

Ejector nozzle refers to a component attached externally to the main nozzle of a jet
engine, utilizing the ejector effect of the primary flow to induce bypass flow through
an auxiliary annular sleeve of bleed openings. The operational principle of the ejector
nozzle relies on the primary flow’s ejector capability during its ejection from the exit of
the main nozzle, thereby driving the bypass secondary flow. At the throat section and
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divergent section, the secondary flow converges with the primary flow and then jointly
expands downstream.

The ejector nozzle plays an important role in a jet engine. By regulating bypass flow
parameters, the ejector nozzle can control the expansion of primary and secondary flows
dynamically in the divergent section, ensuring near-complete expansion to enhance thrust
while improving the propulsion system and matching performance across wide speed
ranges. The exhaust flow temperature can be decreased through thermal dilution by the
mixture of the primary flow and the flow induced by the ejector nozzle, which can enhance
infrared stealth capability.

As early as the 1960s, the J-58 engine (Pratt & Whitney Group, Hartford, IN,
USA) (Figure 1) loaded on the Lockheed SR-71 Blackbird aircraft (Lockheed Corporation,
Bethesda, MD, USA) represented an early successful exploration of the VCE. Its terminal
third valve was integrated with the exhaust nozzle to form an ejector system, enabling flow
augmentation for exhaust matching during low-speed operation [4]. In the contemporary
adaptive cycle engine (ACE) (Figure 2), the ejector nozzle utilizes a third bypass flow
merged with a primary flow, effectively reducing exhaust noise and suppressing infrared
signatures [5,6]. For the VCE, the terminal ejector nozzles employ cooler bypass flow to
reduce the primary flow temperature, mitigating thermal loading on turbine blades and
the afterburner while diminishing infrared radiation from engine nacelles and enhancing
aircraft stealth capability.

Center Body Bleed  Suck-In Doors
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—— 7777/7 — N —
 —— — P —
Forward Bypass Doors Tertiary Doors

After Bypass Doors & Ejector Flsaps

Figure 1. Scheme of ]-58 engine [7].
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Figure 2. Scheme of ACE (explanations of abbreviations are provided in Abbreviations section) [8].
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The research on the ejector nozzle mainly focuses on three methodological domains:
theoretical analysis based on a one-dimensional model [9-15], multi-dimensional coupled
simulations [8,13], and numerical simulation and experimental validation [16-23]. Each of
these approaches is specifically developed to address different hierarchical requirements
within the design process. As a critical component for inlet-exhaust flow matching, the
ejector nozzle’s performance directly impacts the accuracy of iterative design evaluations
during the design phase of engine development. Ejector nozzle models are predominantly
established based on inviscid isentropic flow assumptions, with tailored adjustments made
to accommodate specific research objectives. The Lewis Research Center [24] developed a
two-dimensional model combining method of characteristics with mixing region effects to
quantify performance degradation caused by improper mixing region development. Fran-
cois Toulmay [9] compared three analytical methods, including a global one-dimensional
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method, a momentum integral method, and a two-dimensional finite difference scheme, for
low-speed incompressible flow conditions. B. ]. Huang [10] put forward a one-dimensional
model based on the assumption of constant-pressure mixing in the constant-area section
for predicting the performance of the ejector nozzle. He also claimed that with empirical
coefficients, this one-dimensional model can predict performance reliably. S. K. Chou [11]
developed a one-dimensional choked boundary analysis method for ejector nozzles with
the constant-pressure mixing assumption above. Shan [12] established a semi-empirical
one-dimensional incompressible ejector model, validating its reliability in predicting lobed
forced mixer performance. Chen [13] proposed a one-dimensional method based on the
assumption of sonic secondary flow at the nozzle exit, incorporating it into overall engine
performance analysis methodologies. Luo [15] provided a one-dimensional ejector method
for the performance perdition of a rocket-based combined cycle (RBCC) engine.

The aforementioned one-dimensional ejector nozzle model shares a common feature
in treating the nozzle inner wall as adiabatic and frictionless walls, where friction losses
and mixing losses in the real world are accounted for through correction coefficients.
Nevertheless, their methods of modeling the mixing process between the main flow and
the secondary flow vary. Constrained by computational limitations, these models primarily
rely on mass, momentum, and energy conservation principles, which struggle to accurately
describe the complex mixing-expansion process. There are two methods being adopted:
The first method presumes that the primary and secondary flows completely mix at a
constant-pressure process in a constant-area section prior to entering the divergent section.
In the constant-area section, the equation for momentum conservation is set up, which
divides the flow into the mixing stage, followed by the expansion stage. The second
method ignores the dynamics of the mixing region, presuming that the shear layer thickness
between the primary and secondary flow is zero. In this case, the mixing is modeled as the
transfer of momentum and energy from the primary to the secondary flow, along with the
mass being drawn from the secondary to the primary flow. The nozzle control volume’s
coupled conservation equations (including mass, momentum, and energy) are solved
numerically. Both methodologies exhibit inherent limitations. The first method mandates
complete expansion prior to the divergent section. While this simplifies computational
implementation, it requires either sufficient nozzle length to achieve uniform mixing or the
incorporation of additional devices such as a lobe for forced mixing, both of which result
in increasing structural weight requirements for engine integration. The second method
oversimplifies mixing physics by ignoring shear layer dynamics, failing to capture the
essential coupling between mixing and the expansion process.

To simultaneously account for the mixing and expansion process within the one-
dimensional ejector nozzle model, additional parameters must be incorporated to charac-
terize flow-field dynamics within the mixing region. The momentum integral method [9]
provides a viable approach by integrating flow parameters across the mixing region, en-
abling two-dimensional flow representation without increasing model dimensionality. The
mixing layer [25] formed between the primary and secondary flow constitutes a compress-
ible shear flow (Figure 3), exhibiting both complex spatiotemporal evolution and inherent
self-similarity. This self-similarity manifests as tangential parameter distributions at differ-
ent development stages of the shear layer, providing a foundation for integral modeling.
The thickness of the mixing region is determined by both the nozzle profile and the mixing
layer growth rate, which is further influenced by the velocity contrast [25,26] and density
ratio [27,28] across the mixing region, while also being affected by asymmetric entrain-
ment effects [29] and compressibility-driven flow phenomena [30]. By incorporating these
mixing layer characteristics into the three nozzle control volume conservation equations,
one-dimensional models can effectively integrate the mixing and expansion process.
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Figure 3. Flow scheme of mixing flow (where - is specific heat capacity ratio, p is density, a is velocity
of local sound, and P is static pressure).

Building upon the aforementioned methodologies, this paper proposed an analytical
framework integrating mixing and expansion processes to re-characterize the flow-field
structure within ejector nozzles. Employing numerical simulation techniques, the inves-
tigation focuses on elucidating the flow mechanisms under off-design conditions. By
incorporating mixing layer development theory, a novel quasi-one-dimensional ejector
nozzle model is developed to enable rapid performance evaluation. Comparative analysis
with numerical simulation results validates the model’s computational efficacy and reli-
ability. Section 2 presents a comparison between the numerical calculation methods and
experimental results; Section 3 introduces the thermodynamic calculation methods of the
quasi-one-dimensional model and analyzes the flow-field mechanisms under off-design
operating conditions; Section 4 validates the effectiveness and accuracy of the model using
new ejector nozzle simulation results; and Section 5 concludes the study.

2. Numerical Method
2.1. Numerical Model and Method

To establish a quasi-one-dimensional ejector nozzle model and conduct effective
validation of its computational results, a numerically simulated methodology that has been
experimentally validated is used to compute the internal flow field of the ejector nozzle.

Figure 4 shows the cross-section of the test model of a two-dimensional convergent—
divergent (2DCD) ejector nozzle [16]. The primary nozzle and the secondary nozzle were
both convergent nozzles. The control valves in the bypass could be adjusted to change the
mass flow ratio between the secondary flow mass and the primary flow mass. Based on the
test model, a two-dimensional computational model was developed and meshed. Figure 5
shows the grid mesh of the computational model.

/

- /

Figure 4. Cross-section of test model for 2DCD ejector nozzle.
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Figure 5. Computational model grid mesh.

The computational model was simulated with NUMECA FINE v17.1 software and
meshed with an IGG module with 150,430 nodes, where mesh encryption was applied in
near-wall regions. The fluid was modeled as a real gas, and the Reynolds-Averaged Navier—
Stokes (RANS) equations were solved. The discretization scheme was second-order upwind,
and the global residual convergence was less than 10~°. The test case with the total pressure
ratio between the secondary flow and the primary flow of Pi'/P; = 0.55 was selected
for numerical simulation and compared with the experiment results. Three turbulence
models, Spalart-Allmaras (S-A), Shear Stress Transport (SST), and k — €, were implemented.
The wall boundary conditions adopted no-slip constraints, with an additional slip wall
condition under the SA model in contrast. Figure 6 shows the Mach—-Zehnder interferometry
test result, compared with the density contour distribution of numerical simulation results
(Figure 7), which reveals that the computed flow structure aligns closely with experimental
results. And there is negligible divergence among the three turbulence models. Wall
boundary effects primarily manifested in the boundary layer regions. All computational
cases in this section employed the S-A model with the unslip wall boundary.

(c) S-A model (slip wall boundary) (d) k — e model

Figure 7. Density contour.
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Figure 8 shows the comparisons of the numerical and experimental results of the static
pressure distribution on the centerline of the side wall of the ejector nozzle. The horizontal
axis X/ H is the ratio of horizontal coordinate x to throat height H (10 mm) [16], and the
vertical axis P/ Pj is the ratio of static pressure on the side wall to the total pressure of the
primary flow. The computational outcomes of three turbulence models demonstrate strong
agreement with the experimental measurements, while the wall boundary conditions ex-
hibited negligible influence on the static pressure distribution within the main flow region.

SA noslip
WL, — — —  SST noslip
— = ke noslip
i —O — SA
0.8F Experiment
0.6
#&E.
=9
0.4F
0.2F
0 L L L 1 | | L |

5 0

Figure 8. Side wall pressure distribution.

2.2. Ejector Nozzle Flow Field

The conventional convergent—divergent nozzle exhibits four conditions under varying
downstream backpressures: fully-expanded, over-expanded, under-expanded, and subcrit-
ical conditions. When an ejector structure is incorporated, the flow characteristics remain
governed by backpressure effects, demonstrating analogous flow mode classifications. The
design configuration of ejector nozzles typically adopts the critical flow condition with
full expansion, where the exit static pressure equilibrates with ambient pressure while
maintaining sonic velocity at the throat.

2.2.1. Flow-Field Structure

Figure 9 illustrates the fundamental flow structure under critical flow conditions in the
ejector nozzle. The primary and secondary flow accelerate to sonic velocity near the throat
and expand to supersonic speeds in the divergent section, exhibiting flow characteristics
analogous to conventional convergent-divergent nozzles. After merging at the intersection
region, the primary and secondary flows initiate a mixing process. Downstream, the flow
field evolves into a coexisting three-region structure: primary flow region, mixing flow
region, and secondary flow region. The black solid lines show the velocity profiles across
flow section (excluding the boundary layer—displaying the primary, secondary, and mixing

/

regions only) by using a dimensionless velocity %, where V means local velocity in the
x section, while V,; and Vs’ mean denote velocities in the primary and secondary region.
The tangential velocity distribution demonstrates uniformity in both the primary and
secondary flows. The red dashed lines show the mixing region where primary-secondary

flow interaction occurs.
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Figure 9. Critical flow field of ejector nozzle.

2.2.2. Influence of Upstream Flow

The critical flow structure primarily depends on upstream parameters of the primary
and secondary flow when the ejector nozzle geometry is fixed. Figure 10 shows the Mach
number contour of the critical flow in the ejector nozzle, and the sonic velocity line is
marked with black lines. Figure 10a shows the fixed total temperature ratio of the primary
and secondary flow (T;; /T = 1) with varying total pressure ratios between the secondary
and primary flow. When the primary and secondary total pressures are equal, there is no
obvious boundary of the primary and secondary flow in the divergent section, with gradual
parameter transitions across the flow direction. As the secondary total pressure decreases,
a distinct mixing layer forms between the flows. Concurrently, the aerodynamic throat
position diverges: the primary flow throat moves upstream, increasing the throat area
and critical mass flow; the secondary flow throat moves downstream, reducing the throat
area and critical mass flow. Figure 10b shows the fixed total pressure ratio between the
secondary and primary flow (P /P, = 0.6) with varying total temperature ratios. When
P /P, remains constant, variations in the total temperature ratio exhibit a negligible impact
on the flow field structures, as evidenced by the nearly identical Mach number contour
distributions across different total temperature ratios.

Figure 11 illustrates the inlet Mach number under different situations corresponding to
Figure 10, while Figure 11a shows the upstream parameters with a fixed total temperature
ratio but different total pressure ratios, and Figure 11b shows a fixed total pressure ratio but
different total temperature ratios. The variation in the inlet Mach number trend exhibits
consistency with the aerodynamic throat position changes, as indicated in Figure 10.

2.2.3. Parameter Distribution in Flow Field

Figure 12 shows the static pressure and temperature contour with P/ P, = 0.6 and
T; /TS = 2. The comparison shows that the static pressure distribution in the divergent
section exhibits a more gradual and continuous variation, where the pressure contour
(Figure 12a) becomes indistinguishable for identifying the mixing flow region. Conversely,
distinct static temperature variations can be observed between the primary and secondary
flow areas, enabling precise localization of the mixing layer interface.

Parameter distributions are extracted along streamlines from inlet to outlet in primary
and secondary flow regions, as shown in Figure 13. The total pressure and temperature
(dashed line) within both flows remain nearly constant, while the static pressure and
temperature (solid line) exhibit rapid decrease in the divergent section. Notably, after the
onset of mixing between the primary and secondary flow, their static pressures converge
rapidly, achieving numerical proximity in the interfacial region.
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Figure 10. Mach number contour: (a) variation in Ma with pressure ratio at constant temperature
ratio; (b) variation in Ma with temperature ratio at constant pressure ratio.
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Figure 11. Inlet Mach number: (a) total temperature ratio remains constant; (b) total pressure ratio
remains constant.

Figure 14 presents static pressure distributions in the y direction (defined in Figure 9)
at various streamwise positions (x = 0.01~0.1 m) within the flow field. The coordinate
y is normalized by the local divergent section width. The results indicate that at the
onset of mixing of primary and secondary flow (x = 0.01 m), the static pressure exhibits
non-uniform distribution.
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(b)

Figure 12. Static pressure and temperature contour: (a) total temperature ratio remains constant;

(b) total pressure ratio remains constant.

As mixing progresses downstream, the static pressure gradients in the y direc-
tion diminish, achieving near-uniformity in the divergent section. Near the nozzle exit
(x> 0.08 m), the static pressure distributions converge to identical profiles across the y
direction. Figure 15 shows the pressure and temperature distribution across the y direction
at the outlet, corroborating the observed pressure equilibrium across the y direction, which
is the most important assumption in the ejector established below.
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Figure 13. Pressure and temperature distribution along streamlines.
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Figure 14. Static pressure distribution at different x stations.
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Figure 15. Pressure and temperature distribution at the outlet.

3. Ejector Model

The one-dimensional ejector nozzle model usually employs an adiabatic and fric-
tionless wall assumption. When applied, these models correct computational results
to account for boundary layer losses and other effects. Numerical simulations under
no-slip wall boundary conditions (Figure 16) demonstrate that the flow-field structures
(primary/secondary flow interactions and mixing region development) remain fundamen-
tally consistent with results from no-slip boundary simulations (Figure 9). Consequently,
the introduction of this assumption has a negligible impact on the model’s validity.

B I |0 e
Mach Number 0 02 04 06 08 1 12 14 1.6 1.8 2 22 24 26 28 3
V-V
vtV Vi
M

1.0

e

=50 -40 =30 =20 -10 0 10 20 30 40 50 60 70 80 90 100

X
mm

Figure 16. Critical flow field of ejector nozzle (slip wall boundary).

3.1. Design Condition

The one-dimensional theoretical analysis diagram of the ejector nozzle is simplified in
Figure 17. To simplify the flow-field structure in the divergent section, the secondary flow
is injected at the cross-section of the primary nozzle throat. The primary and secondary
flows enter from upstream and begin converging near the nozzle throat. With the flow
direction defined as X, the intersection point of the two streams is designed as section
x = 0. From section 0 onward, the primary and secondary flow mix at their contact point,
forming a mixing region (depicted by blue lines in the figure). The solid blue lines show the
boundary, and the dashed blue line shows the midline. Under low backpressure conditions
downstream, the flow achieves full expansion within the divergent section. The primary
flow will accelerate to supersonic speed at the outlet, as well as the secondary flow, if the
divergent section length allows. The primary and secondary flow aerodynamic throat
positions are defined as x = 0 and x = i, with M, o = 1 and M;, = 1.
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The primary flow originates from turbine exhaust or afterburner outlets, possessing
higher total pressure and total temperature. The secondary flow generally derives from
bypass or other locations and is characterized by lower total pressure and total temperature.
The secondary flow is primarily driven by static pressure differentials and ejector action,
ensuring that its static pressure at section x = 0 remains equal to or higher than the
primary flow static pressure. However, as the secondary flow total pressure is lower than
the primary flow, its Mach number at section x = 0 satisfies M; o < My = 1. During
concurrent mixing and expansion, the static pressure of both streams rapidly equilibrates
and progressively decreases, while their Mach numbers gradually increase.

According to reference [13], when the secondary flow expands to sonic conditions,
static pressure equilibrium between the primary and secondary streams is achieved, yield-
ing a model-predicted mass flow ratio that is in strong agreement with the experimental
data. Consequently, static pressure equilibrium is assumed valid at section x = i, with
Py = Ps;j = Py,;. As the flow continues mixing and expanding through the divergent
section, the mixing region expands until both streams attain supersonic speeds at the outlet.
Figure 17 illustrates the velocity profiles at different x sections. This fully expanded flow
regime in the divergent section is conventionally adopted as the design-point condition.

The following assumptions were made in order to analyze and model the aerodynamic
performance of the ejector nozzle at the design point:

1.  Wall friction and gravity’s effects on the fluid are ignored.

2. The primary flow total pressure is higher than that of the secondary flow.

3. Inthe ejector, the primary and secondary flows are ideal-gas steady adiabatic flows,
without considering the transition, separation, vortex, and other flow-field structures.

4. The flow between different sections of primary and secondary flow is isentropic.

5. The flow parameters in the primary and secondary flows regions are uniform at the
same section.

6.  The static pressure in the mixing region is uniform at the same section, whereas other
parameters are transitional.

7. The primary flow is critical at section 0, and the secondary flow is critical at section i,
which means M, o =1, and M;; = 1.

According to the above assumption, the ejector nozzle model can be set up in line with
the mass and energy conservation laws. Because the profile of the nozzle is unknown, the
conservation law of momentum cannot be used. The equations are shown as follows:

mp,O + ms,O = mp,x + ms,x + mm,x (1)

mp,OH;,O + 1its o Hg g = titp,xHy o + tits  HS  + 1t Hy, ()

where x = 0, out, which represents the section i and outlet.
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The assumption provides the Mach number and static pressure equation as follows:

Mp,O =1 (3)
M;;i=1 4)
Pp,x = Ps,x = Pm,x (5)

The calculations of the primary and secondary flow are shown as follows:
titp = ppVpAp ©6)

titg = ps Vs As 7)

While the velocity profile in the mixing region is unknown, calculating the parameters
of the mixing region is a formidable task in the most general three-dimensional case. The
calculation of the mixing flow can be formulated as follows:

tity, = / pmVid A 8)

In the momentum integral method [9], the velocity profile was assumed as a cubic
polynomial curve for integral solutions. In one-dimensional method calculations addressing
more general scenarios, it is logical to directly assume the interpolation of primary and
secondary flow parameters, as presented in the following formula:

Py, = (1—kp) P} +kpP;

(10)
Hy, = (1 ky)Hj + kyH:

where kp and kp are constant on different sections of the same flow field, which are related
to the ejector nozzle shape and flow state. According to the interpolation method, the
integration in Equations (8) and (9) can be reduced as follows:

iy = Om VinAm (11)

iy, = [ (1 ki) H + ki (12

where p;; and V;;, can be calculated by the ideal gas equation of state and isentropic relations
from Py, H;;,, and backpressure Poyt.

Additionally, to achieve closure of the equations, the following relationships must be
incorporated: (a) nozzle geometric relations and (b) mixing layer thickness relations.

The nozzle geometric relations include the section 7 and outlet as follows:

Apit+ Agi+ Ay = A (13)

Ap,out + As,out + Am,out - Aout (14)

The area A; means the area of section i and can be given with an estimate value from
the nozzle geometry and flow state.

The mixing layer thickness can be estimated using the local coordinate x (representing
the length to the start of mixing) and the mixing layer growth rate A. For two-dimensional
flow, the area of the mixing region simplifies to A,, = xA. For axisymmetric flow, it is
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defined as b = xA, where b means the half thickness of the layer. A;, can be calculated by
geometry Equations (13) and (14) with b.
The mixing layer growth rate A can be estimated by [29,30]

15
A = C5(0.8¢73M 4 o.2)w 1 v (15)

2(1+rys) | 14294

7

where C; is a non-dimensional constant, » and s are the velocity ratio and the density ratio
on both sides of the mixed layer, and M, is the convective Mach number defined as follows:
r:% B VA L (16)

f) Op ap + as

Based on the above equations and assumptions, the relevant parameters of the ejector
nozzle could be calculated if the shape of the ejector nozzle is considered, with A;, Aout,
and Xout.

As a one-dimensional model for ejector nozzle calculations, total pressure ratio and
flow parameters are required as inputs for engine calculations. Due to the impact of the
total temperature on the mass flow, the performance parameters are used to correct the
mass flow ratio ® and total pressure recovery coefficient ¢ as follows:

tisg [Ty
P = o T—; (17)

: * ; * 5 *k
1tp,0utPy out + 1ts,0ut P out + Mtm,out P out

o =
3 X . *
mPrOPp,O + erOPS,O

(18)

It is important to mention that the primary and secondary streams in calculations are
influenced by the total temperature and gas composition, leading to potential variations in
the thermodynamic properties. Variable specific heat calculations should be performed,
incorporating gas composition effects. The specific heat capacity calculation formula [31] is
given by

Cp(T) = (T 2+ 2T ' + a3+ as T+ asT? + a6 T° + a;T*) Ry (19)

where the coefficients a1, ay, - - - , a7 are determined through the weighted average of mea-
sured values for each gas component, as present in Table 1, under a composition that
contains 78.084% of nitrogen, 20.9476% of oxygen, 0.9365% of argon, and 0.0319% of
carbon dioxide.

Table 1. Coefficients for calculating specific heat capacity.

Coef Value (T < 1000 K) Value (T > 1000 K)
a 9.602141 x 103 2.404676 x 10°
ap —1.883145 x 102 —1.265608 x 103
a3 4.963670 x 10° 5.192477 x 10°
a4 —5.554567 x 1073 —2.157294 x 104
as 1.043346 x 107> 7.118266 x 10~8
ag —7.804852 x 10?7 —1.076601 x 10~11
ay 2.153681 x 1012 6.605179 x 1016

For the gas in the mixing region, the gas components are determined through the
weighted average of the primary and secondary flow components based on the mass flow
rate of the primary and secondary flows entering the mixing region.
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3.2. Choke State

Even under fully expanded flow regimes with extremely low backpressure, the ejector
nozzle max exhibits failure to entrain the secondary flow, resulting in bypass duct blockage,
where the state is called “choke state” in this paper. This phenomenon does not stem
from excessive backpressure, but rather results from insufficient total pressure within the
secondary flow.

By reducing the secondary flow total pressure while adjusting the backpressure to
maintain fully expanded flow conditions within the ejector nozzle, the secondary flow
region proportion in the divergent section continuously diminishes. Consequently, the
aerodynamic throat area of the secondary flow gradually narrows, and its throat position
shifts downstream, as illustrated in Figure 10a. When the secondary flow total pressure
decreases to the critical value P{ ; ., the aerodynamic throat area of the secondary flow
shrinks to zero, and the secondary mass flow approaches negligible values (only minimal
entrained flow penetrates into the mixing region), as shown in Figure 18. The flow regime
induces distinct structural evolution in the flow field: At section i, the cross-section ex-
clusively comprises the primary and mixing flow region, with complete absence of the
secondary flow region; upstream of section i, the secondary flow region persists, dominated
by recirculatory vortices generated by the primary flow entrainment, whereas downstream
of section i, the primary flow becomes preponderant, and the mixing region diminishes
through progressive turbulent diffusion until its complete dissipation.

In Figure 18, when the ejector nozzle’s divergent section length is sufficiently long, the
free expansion surface of the primary flow intersects the divergent section wall at section i.
If the divergent section length is insufficient, the free expansion surface fails to intersect
the wall, indicating that the system has not reached the choking condition. By further
reducing the secondary flow total pressure, the intersection point shifts to the nozzle outlet,
establishing a new choking condition where the outlet becomes the critical section i. This
demonstrates that the choking state is intrinsically linked to the divergent section geometry.
During design optimization, modifying the divergent section contour can expand the
stable operational range of the ejector nozzle. Under choking conditions, the shape of
the primary flow’s free expansion surface is governed by the flow parameters of both the
primary and secondary flows. In two-dimensional flow fields, this surface’s geometry and
position can be calculated by the method of characteristics. For one-dimensional models,
the section 7 position must either be specified as a geometry parameter or defined through
empirical relationships.

Ux)

i out
P———

secondary flow i

.y 3 s ‘g: ow
—_ T
primary flow —
S L R Uw _ . :
0

Figure 18. Ejector nozzle internal flow (choke state).

3.3. Subcritical Flow

Under high downstream backpressure conditions, the flow within the ejector nozzle
remains subcritical (Figure 19), which is similar to the operation of a conventional Laval
nozzle. The nozzle is dominated by a complete subsonic flow. The maximum Mach number
occurs at the primary flow location x = 0, where M, o < 1. In this regime, P; > P¥ > Pout-
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The y-direction pressure balance assumption remains valid, extending to the primary-
secondary flow interface at x = 0.

out

se : E
Cﬂndal}, fow = ]
——— = T mixing How -

— primary flow —
3 Ux)
U
0 X

Figure 19. Ejector nozzle internal flow (subcritical).

3.4. Over-Expanded Flow

When the outlet back pressure lies between the subcritical condition and the de-
sign condition outlet pressure, the flow within the ejector nozzle exhibits over-expanded
characteristics. However, unlike the over-expanded flow in Laval nozzle, the dual-flow
configuration (primary and secondary flows) in the ejector generates one or two normal
shockwaves within the nozzle due to pressure mismatch. In a low backpressure regime,
discrete normal shockwaves form independently in the primary and secondary flow re-
gions, connected via the mixing layer transition region, as illustrated in Figure 20 with
the red solid line. In a moderate backpressure regime, the secondary flow region remains
entirely subsonic, with only a weak normal shockwave developing in the primary flow
region, as shown in Figure 21.

i out

L
“ondary f1o.,

—

— primary flow

U

Figure 20. Ejector nozzle internal flow (over-expanded with two shockwaves).

Sec .
Oﬂdazy HOW =

—_

— primary flow

=1
—

0

LI

U

Figure 21. Ejector nozzle internal flow (over-expanded with one shockwave).

The flow-field parameters exhibit heightened complexity due to shock-induced distor-
tion when shockwaves develop within the divergent section. The assumption of pressure
balance along the y direction becomes invalid under sun conditions, making parametric
calculations across the primary, secondary, and mixing flow regions at the outlet particu-
larly challenging. Consequently, characteristics in this regime are typically approximated
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through interpolation between subcritical and design condition data. Advanced com-
putational methodologies for precise prediction in such scenarios remain an active area
of research.

4. Validation

After discussing the quasi-one-dimensional model, this paper develops a simplified
two-dimensional validation model (Figure 22). The nozzle comprises two flow channels
separated by a baffle plate before the geometry throat, where the primary and secondary
flows converge. The primary stream channel employs B-spline curves to generate conver-
gent and divergent section walls, while the secondary stream wall profile y; is derived
via linear scaling of the primary stream wall profile v, as ys = ky,. The design ensures a
constant area ratio between the nozzle outlet and throat and is defined as Agut/ Acr = 1.5.
By varying the scaling factor k = 0.2,0.5, 0.8, 1, the study systematically investigates the
influence of the merging plane area ratio on the flow characteristics.

yA\ ys(z) = —ky,(2)

|

] .

1 X

} 75mm
|

|

'\

400mm

60mm

200mm

Figure 22. Ejector models for validation.

4.1. Different Conditions

Figure 23 shows the Mach number contour of the design, choke, subcritical, and over-
expanded conditions in the ejector nozzle when k = 1. The flow-field structures depicted
exhibit complete agreement with the comprehensive analysis conducted in the last chapter.

The comparative analysis between the model predictions and CFD results under
design and choke state conditions is shown in Table 2. The corrected mass flow ratio ®
and total pressure recovery coefficient o exhibit minimal discrepancies. The predicted total
pressure of the secondary flow shows negligible deviations from the CFD results under
choke state conditions.

Table 2. Performance of model calculations and CFD results.

CFD Model
Case P} /P;," Pout/P;," )] o P} /P);,k Pout/P;," )] o
design 0.9 0.152 0.899 99.99% 0.9 0.152 0.897 100.00%
choke 0.153 0.055 0.022 97.32% 0.160 0.055 0.034 97.14%

Figure 24 shows the four work points A, B, C, D, and E of the ejector, with a fixed
geometry of k = 1. Point A represents the fully expanded condition. Point B represents the
workpoint with two normal shockwaves located at outlet. Point C represents the critical
transition point in over-expanded conditions where two normal shockwaves coalesce into a
single normal shockwave. Point D represents the critical transition from the over-expanded
condition to the subcritical flow condition; Point E represents the limit critical operational
limit, where the backpressure equals the secondary flow total pressure.
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1.735

(a) fully-expanded

(b) choke state

(c) subcritical

14354 '0A737

(d) over-expanded (1 shockwave)

(e) over-expanded (2 shockwave)

Figure 23. Mach number contour maps under different conditions.

Figure 24a illustrates the relationship between the backpressure and inlet total pressure
for specified points, where the abscissa denotes relative secondary flow total pressure
P7 /Py, and the ordinate represents relative backpressure Pout/ Py . Figure 24b presents the
correlation between the corrected mass flow ratio ® and total pressure recovery coefficient
o for the same points. Under over-expanded conditions, the ¢ value reaches its minimum
value due to the loss of normal shockwaves in the divergent section. Conversely, in
subcritical and fully expanded (including slightly under-expanded conditions), natural
mixing losses are comparatively minimal, resulting in ¢ approaching unity. Operation of
the ejector nozzle in over-expanded conditions should be strictly avoided.

4.2. Features of Design Condition

During the VCE design phase, the selection of design point parameters for the ejector
nozzle must account for operational constraints. Figure 25 demonstrates the relative
pressure relationships along the fully expanded conditions line and the ® — ¢ correlations
with different Aso/ A o ratios.
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Figure 24. Different work points with fixed geometry.
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Figure 25. Feature map of design conditions with different Aso/ Ay .

Figure 25a,b demonstrates that when the secondary flow total pressure equals the
primary flow total pressure (P;/P; = 1), the corrected mass flow ratio ® corresponds
to the merging plane area ratio A/ App (Aso/Apo = k = 1 in Figure 25), and the total
pressure recovery coefficient o approaches unity. As the secondary flow total pressure
decreases and the ejector nozzle approaches the choke state condition, ® trends toward
zero, while ¢ initially decreases and then increases. This behavior arises because the model
only accounts for mixing region losses and neglects viscous effects such as friction. At
complete choking, secondary flow ceases (& = 0), and the mixing region vanishes, leading
to o = 1in the model. However, actual flow fields exhibit residual losses due to secondary
flow recirculation and boundary layer effects. For VCE performance calculations, the
near-choked point (marked by the o minimum) should replace the theoretical choked point
to avoid overestimating losses.

By selecting parameters near the near-choked condition, the relationships between
As 0/ Apo and normalized P (Figure 26a), as well as merging As o/ Apo and o (Figure 26b),
were obtained. Both correlations exhibit approximately linear trends.
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Figure 26. Relations under near-choked conditions.

5. Consultation

This study systematically investigated the flow field structure within ejector nozzles,

yielding the following key conclusions through integrated analytical and numerical analyses:

1.

The flow field in the divergent section of the ejector nozzle has been categorized into
three distinct regions: the primary flow region, the secondary flow region, and the mixing
region. A quasi-one-dimensional ejector nozzle model was developed based on this zonal
framework, incorporating computational algorithms for parametric analysis. Compara-
tive validation with CFD simulations demonstrates the model’s robustness, achieving
relative errors below 3% in predicting pressure recovery and mass flow characteristics.
This agreement corroborates the model’s reliability for engineering applications.

Four distinct flow regimes have been identified: under-expanded, fully expanded, over-
expanded (characterized by single or dual normal shockwaves), and subcritical state.
Notably, the over-expanded regime in ejector nozzles exhibits unique shockwave inter-
actions, specifically configurations with one or two normal shockwaves, which amplify
total pressure losses compared to conventional convergent-divergent nozzles. These
findings establish a refined classification scheme for ejector nozzle flow dynamics.
Based on the quasi-one-dimensional model, the flow and loss characteristics of the ejector
nozzle under design conditions have been analyzed. Decreasing the total pressure of
secondary flow will increase the mixing loss, and the total pressure recovery coefficient
may decrease to 97.1% when Ago/Apo = 1. Additionally, the relationship between
the merging plane area ratio As/ A, and corrected mass flow ratio ® was examined.
Increasing the secondary flow area at the merging plane reduces mixing losses.

In the quasi-one-dimensional ejector nozzle model, the utilization of the mixing layer

growth rate for calculating the mixing region thickness demonstrates validity, primarily

for axisymmetric or two-dimensional flow channels. However, this approach may exhibit

limitations when applied to forced mixing mechanisms such as lobed mixer-induced flow

regimes. To address this, future research could incorporate geometric modifiers like shape

factors to enhance predictive accuracy.

To further verify the validity of the quasi-one-dimensional ejector model, two-

dimensional ejector nozzle and axisymmetric ejector nozzle experiments will be conducted

in the follow-up study. The velocity and pressure distributions at the ejector nozzle exit

will be measured, and the areas of the main flow region, secondary flow region, and mixing
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layer region on the exit surface will be identified under different conditions. The total pres-
sure recovery coefficient and the corrected mass flow ratio will be calculated using pressure
and temperature probes placed at the inlet and outlet of the test section. Additionally, the
deviation between the theoretical and actual values can be analyzed to improve the model.
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Nomenclature and Abbreviations

Nomenclature

a velocity of sound, m/s

r velocity ratio on both sides of the mixed layer
s density ratio on both sides of the mixed layer
A through flow area, m?

H enthalpy, ] /kg

M Mach number

P pressure, Pa

T temperature, K

u velocity, m/s

\% velocity, m/s

it mass flow rate, kg/s

0% specific heat capacity ratio

1Y density, m3/kg

A mixing layer growth rate

o total pressure recovery coefficient

P corrected mass flow ratio

M, convective Mach number

Cs non-dimensional constant for calculation of A
Cp specific heat capacity

Rg gas state constant

Subscripts

0 merging plane

i position where secondary flow is critical
x main flow direction

p primary flow

s secondary flow

m mixing flow

out outlet

Superscripts

* stagnation parameter

Abbreviations

2DCD Two-Dimensional Convergent-Divergent
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ACE Adaptive Cycle Engine
CDFS Core Drive Fan Stage
CFD Computational Fluid Dynamics
FFan Front Fan
FVABI Front Variable Area Bypass Injector
HPC High-Pressure Compressor
HPT High-Pressure Turbine
LPT Low-Pressure Turbine
MSV Mode Select Valve
RANS Reynolds-Averaged Navier—Stokes
RBCC Rocket-Based Combined Cycle
RFan Rear Fan
RVABI Rear Variable Area Bypass Injector
S-A Spalart-Allmaras
SST Shear Stress Transport
VCE Variable Cycle Engine
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