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Aerodynamic Experiment on an Ejector-Jet
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Characteristics of an ejector-jet were investigated experimentally. Evaluation of a new, one-dimensional model
of suction performance under the aerodynamic choking condition and observation of mixing conditions through
the pseudo-shock were primary subjects of study. Supersonic primary rocket exhaust was simulated by air, and
secondary airflow was simulated by nitrogen. Parameters were the ratio of the total pressure of the secondary flow
to that of the primary flow, the ratio of the entrance area of the secondary flow to that of the primary flow, and
the Mach number of the primary flow. A throttling valve downstream of the mixing region simulated subsonic
combustion and subsequent choking, and the throttling created a pseudo-shock ahead of the valve. The suction
performance increased with increased total pressure of the secondary flow, the increase of the Mach number of the
primary flow, or the increase of the area of the secondary flow. The calculated results on the suction performance
agreed well with these measured values. When the gases became subsonic due to throttling, the primary and
secondary fluids mixed well through the pseudo-shock and became almost uniform ahead of the downstream
choking position. The mixing progressed quickly in the pseudo-shock.

Nomenclature
A = cross section
H = height
M = Mach number
ṁ = mass flow rate
P = pressure
Pt = total pressure
r = ratio of the mass flow rate of the secondary flow

to that of the primary flow
T = temperature
Tt = total temperature
u = velocity
x = streamwise coordinate from the entrance of the test section
y = vertical coordinate from the primary-flow sidewall
z = spanwise coordinate from the center plane of the test section
γ = ratio of specific heats
ρ = density
ω = mass fraction of the secondary flow
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Subscripts

ch = choking of the secondary flow
th = downstream throat
th1 = throat of the primary-flow nozzle
w = wall
1 = primary fluid
2 = secondary fluid
3 = mixed fluid

Introduction

S EVERAL kinds of airbreathing engines, for example,
combined-cycle engines, for the aerospace plane have been

studied.1,2 One type of combined-cycle engine is composed of an
ejector-jet mode, a ramjet mode, a scramjet mode, and a rocket
mode.3−8 Figure 1 shows a schematic of the ejector-jet mode. The
ejector-jet mode is used from takeoff to about Mach 3. In this mode,
the ejector effect of the primary rocket induces atmospheric air. Not
only the rocket engine itself, but also the diffuser section produces
thrust due to the increased pressure of the mixture. Studies of the
ejector-jet engine have been conducted,9−15 and studies of the ejector
itself have also been carried out.16−24 In one kind of ejector-jet en-
gine, subsonic combustion is attained by fuel injection at the end of
the diffuser section. According to a previous study of the airbreath-
ing rocket,10 mixing and combustion efficiency were significantly
better than those in the supersonic combustion mode. In the engine
with the subsonic combustion mode, the combustion gas is choked
at the exit of the combustor section.

The secondary flow is entrained by the primary flow. Under some
conditions, the secondary fluid flows into the ejector at subsonic
speed and chokes aerodynamically due to interaction with the pri-
mary fluid. This condition is designated the aerodynamic choking
mode.16 Supersonic speed of the fluids is necessary so that the down-
stream high pressure due to combustion and choking does not affect
the suctioning of air. For this aerodynamic choking condition, there
are one-dimensional16,17,21 and two-dimensional models using the
method of characteristics.19 The one-dimensional model, in which
the isentropic process is employed throughout the interaction be-
tween the primary and the secondary flows, was used in examina-
tion of the features of the ejector or optimization of the operating
conditions.23 However, as pointed out by Fabri and Siestrunck16 and
Fabri and Paulon,17 the actual interaction process is not isentropic.
Under the coincident pressure condition, the total impulse function
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Fig. 1 Schematic diagram of space plane and ejector-jet mode of
combined-cycle engine.

calculated with the model is not conserved in a duct with a constant
area. Under the conserved impulse function condition, two pres-
sures are calculated with the model for each of the primary and the
secondary flows. Use of the model may yield misleading informa-
tion on thrust performance or suction performance of the engine.
Thus, a new model on aerodynamic choking has been proposed, in
which coincident pressure is attained by conservation of the impulse
function.8 In the present study, this model is evaluated by comparing
the calculated results of the model with the experimental ones for
the suction performance.

In the subsonic combustion mode, the primary and the secondary
flows become subsonic as they pass through the pseudo-shock.25

In the pseudo-shock, mixing enhancement is anticipated due to an
increase of turbulence.26,27 In the ejector-jet engine or airbreathing
rocket engine with subsonic secondary combustion, mixing condi-
tions have been investigated experimentally, although relatively few
experiments have been conducted.10,14 Most studies of the pseudo-
shock have used a single fluid. Two fluids are used in the pseudo-
shock study of the ejector, but mixing of the fluids has not been
investigated. In the study of shock-enhanced mixing,28 fluid is a
fuel jet, its volume flow rate is much smaller than the primary flow,
and there is no pseudo-shock, except in the study of fuel injection
into the pseudo-shock.27 In the present study, the mixing process
of the fluids as they pass through the pseudo-shock was also in-
vestigated, when the fluids have a similar volume flow rate at the
beginning of the interaction.

The authors conducted aerodynamic tests of the ejector-jet. The
effect of subsonic combustion and subsequent choking was simu-
lated by a valve at the exit of the test section, which created a pseudo-
shock ahead of the valve. The experimental results were compared
with those calculated by the models. The mixing condition was
examined with gas sampling and pitot pressure measurement. The
parameters in the experiments were the ratio of total pressure of the
secondary flow to that of the primary flow, the ratio of the entrance
area of the secondary flow to that of the primary flow, and the Mach
number of the primary flow.

Experimental Apparatus
Test Facility

Figure 2 shows a schematic of the ejector-jet test facility. It con-
sists of a primary supersonic nozzle, a secondary flow supply system,
a test section, and a downstream throat section. The primary-flow,
which is rocket exhaust in an actual engine, was simulated by air.
Nitrogen was used as the secondary flow, which is air in the actual
engine. A pressure- regulating valve controlled the mass flow rate of
the secondary flow. The ratio of the total pressure of the secondary
flow to that of the primary flow was controlled to be 0.01–0.2. Total
temperature of the primary flow and the secondary flow was around
290 K.

The entrance of the primary flow duct was 25 mm in height and
50 mm in width. Two primary nozzles were used to facilitate chang-
ing of the entrance Mach number of the primary flow to Mach 2.4
or 3.4. The 99% velocity boundary-layer thickness of the Mach 2.4
flow and that of the Mach 3.4 flow were 4.2 and 5.0 mm, respectively.
The unit Reynolds numbers were 5.7 × 107 m−1 and 9.8 × 107 m−1,
respectively. The entrance of the secondary flow duct was 46 mm
in width. The height of the secondary flow duct, which was a pa-
rameter, was 15.5, 22, or 30 mm. The unit Reynolds number of
the secondary flow was 1.0 × 104–2.0 × 106 m−1. The test section

Table 1 Geometrical configuration of the test sectiona

Hth/H1 Hth/H2A2/A1 at
H2, mm entrance No throttling Throttling No throttling Throttling

15.5 0.57 1.72 1.34 2.77 2.16
22 0.81 2.00 1.56 2.27 1.77
30 1.10 2.28 1.78 1.9 1.48

aUnder throttling condition at downstream throat, Hth/H3 = 0.78. Under no throttling
condition, Hth = H3.

Fig. 2 Schematic diagram of experimental facility.

was a straight rectangular duct. The 99% velocity boundary layer
of the secondary flow was 8 mm. The displacement thickness was
estimated to be about 1.5 mm in the subsonic to sonic flow con-
ditions. When the 15.5-mm duct was used, the viscous effect was
more obvious. In the present study, the mixing condition through
the pseudo-shock under the choking condition was compared with
that in the shear layer with no choking. Therefore, the thickness
of the boundary layer does not greatly affect the discussion here. In
the calculation models to be described, the Mach number based on
the measured mass flow rate was used.

The downstream throat was positioned at 700 mm from the en-
trance of the test section. The ratio of the cross section at the throat
to that in the test section, Hth/H3, was 0.78. Based on the ratio of
the cross sections, calculation showed the Mach number of the mix-
ture in the test section to be 0.53. The throttling at the downstream
throat in the present cold-flow experiment corresponds to changes
of the equivalence ratio, the enthalpy level of the inflow air, and
the contraction ratio of the second throat in an actual engine. In
the present study, throttling was not adopted as a parameter and the
contraction at the second throat was fixed. Table 1 lists geometrical
configurations of the present experiment.

Measurements
Schlieren Photographs

Spark schlieren photographs were taken for the area from x = 0
to 140 mm to observe the flowfield around the entrance of the test
section. The pulse time of the stroboscope lamp was 60 ns.

Wall Pressure
The sidewall pressure was measured along the centerlines of the

primary flow and the secondary flow at every 20-mm interval. A me-
chanical scanner (Scanni Valve®) was used with a scanning rate of
0.2 s per port and a sampling frequency of 50 Hz. The measurement
uncertainty was ±1.4 kPa.

Mass Flux Measurements
The primary mass flux was estimated to an accuracy of ±0.3%

using measured stagnation properties and a choked nozzle formula.
The secondary mass flux was measured to an accuracy of ±0.5% us-
ing an orifice flowmeter inserted into the nitrogen supply line. Mach
number and total pressure of the secondary flow were estimated us-
ing the mass flux and the wall pressure measured at x = −10 mm.

Pitot Pressure and Gas Composition
Pitot pressure measurement and gas sampling were conducted

on the centerline at x/H1 = 6.0, 14.0, 22.0, and 25.2. The error of
the pitot pressure was the same as that of the wall pressure due to
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the use of the same pressure sensor. Gas was sampled by the pitot
probe and analyzed by gas chromatography (Micro-GC CP-2002®).
Based on pitot pressure and gas compositions, the total pressure,
Mach number, mass flux, and mixing condition were investigated.
The wall pressure was used instead of the static pressure.

Models for Calculation of Suction Performance
Downstream Choking Model: Model A

This model is a general one-dimensional model for two-fluid mix-
ing flow.22 In this model, choking at the downstream throat affects
the entrance condition of the secondary flow. The secondary fluid
flows into the test section at subsonic speed. Total pressure, total
temperature, and the Mach number of the primary flow are speci-
fied, as is total pressure and total temperature of the secondary flow.
The mass flow rate of the secondary flow is calculated with these
boundary conditions under assumptions of complete mixing in the
test section, isentropic acceleration in the convergent section, and
choking at the downstream throat. Mass, momentum, and energy are
conserved. Friction drag and heat transfer to the wall are ignored.
The base pressure on the wall between the primary flow and the
secondary flow ducts is zero for simplification.

Aerodynamic-Choking Model 1: Model B
Figure 3 shows a schematic of a simplified, aerodynamic-choking

model.8 In this model, the secondary flow is subsonic at the entrance
and chokes in the test section. The choking position is indicated by e
in Fig. 3. In this mode, the condition downstream of the aerodynamic
choking position does not affect the condition at the entrance of the
test section. In some previous one-dimensional calculation models,
the isentropic process was adopted for the interaction between the
primary flow and the secondary flow.16,17,21 Actually, however, the
interaction is not an isentropic process, and application of the isen-
tropic assumption produces contradictions, for example, two differ-
ent static pressures of the two flows at the end of the interaction.
A new one-dimensional calculation model proposed by the Kanda
and Kudo8 uses the isentropic condition only at the beginning of the
interaction. The whole process is not isentropic and a single static
pressure is attained, with mass, impulse function, and energy being
conserved. Boundary conditions of the primary flow are specified at
the entrance. Total pressure and total temperature of the secondary
flow are also specified at the entrance. The primary flow and the sec-
ondary flow do not mix, but exchange momentums. Friction drag
and heat transfer to the wall are ignored for simplification.

The dividing streamline is straight for simplification in this model.
First, pressure of the subsonic secondary flow at the entrance of the
test section is assumed and the flow rate of the secondary fluid is
calculated. The primary flow expands to the assumed pressure two
dimensionally. The initial condition of the expansion process is cal-
culated with the Prandtl–Meyer function. The dividing streamline
between the primary and secondary flows is extended to the chok-
ing point of the secondary flow. The dividing streamline and the
exchanged momentum are calculated using this initial condition of
the interaction under the presumed pressure. After choking and the
interaction, the primary fluid and the secondary fluid flow in parallel
one dimensionally at the same pressure. The assumed pressure of
the secondary flow is changed to conserve mass, impulse function,
and energy. The total interaction process, except the initial Prandtl–
Meyer expansion, is not isentropic, and the pressure at the choking
point of the secondary flow is the same as that of the primary flow. As

Fig. 3 Schematic diagram of model b for simulation of aerodynamic
choking condition and its flow chart.

Fig. 4 Schematic diagram of model c for simulation of aerodynamic
choking condition and its flow chart.

pointed out by Fabri and Siestrunck,16 the pressure of the secondary
flow is different from that of the primary flow in the one-dimensional
isentropic model under conservation of mass, impulse function, and
energy in a duct with a constant area.

Aerodynamic-Choking Model 2: Model C
Figure 4a shows a schematic of another aerodynamic-choking

model. It is a further simplification of the model using the method
of characteristics.19 In this simplified model, the interaction be-
tween the primary flow and the secondary flow is calculated through
impingement of a reflected expansion fan in the primary flow
on the dividing streamline between the primary and secondary
flows.

In this model, first, pressure of the secondary flow at the entrance
is presumed. The primary flow expands to the pressure. Then, the di-
viding streamline between the primary flow and the secondary flow
is drawn straight from the entrance to position a, where reflected
expansion waves begin to impinge on the dividing streamline. The
pressure in the secondary flow from the entrance to position a is sim-
plified to be constant in this model. In the experiments, as shown in
the section on experimental results, the pressure is approximately
constant from the entrance of the test section to the beginning of the
interaction between the expansion waves and the dividing stream-
line. The condition of the secondary flow at position a is calculated
by subtraction of the reaction force from the secondary flow. The
force is not transferred to the primary flow, and this is a contradiction
in this simplified model.

The calculation of the primary flow with the method of charac-
teristics is started from position a in the present simplified model.
The angle of the dividing streamline downstream of position a is
decided under the condition of pressure in the primary flow be-
ing equal to that in the secondary flow. In this model, the pressure
of the secondary flow at the entrance is determined iteratively so
that the secondary flow becomes sonic and parallel to the primary
flow.

Results and Discussion
Wall Pressure Distribution

The wall pressure distributions with several parameters are pre-
sented to show an outline of the flow conditions. Positions of the
aerodynamic choking, as well as amounts of entrained air, were cal-
culated using the models. Results of these calculations are compared
with the measured distributions of pressure.

Effects of the Total Pressure Ratio on the Pressure of the Mixture
Figure 5 shows the wall pressure distributions on the primary-flow

side wall. The total pressure ratios, Pt2/Pt1, were 0.04 and 0.20.
The area ratio of the secondary flow to the primary one was 0.81
with the height of 22 mm at the entrance. The solid symbols show
the data under the throttling condition at the downstream throat. The
open symbols show the data in the absence of throttling. Under that
condition, there were pressure undulations caused by the reflection
of shock waves and expansion waves and the levels of pressure were
lower than those under the throttling condition. The wall pressure
increased near the end of the test section due to the ambient pressure
of the atmosphere.

Under the throttling condition at Pt2/Pt1 = 0.04, the wall pres-
sure was the same as the pressure in the absence of throttling from
the entrance to x/H1 = 11. The high pressure in the downstream
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Fig. 5 Effect of ratio of total pressure on wall pressure distributions,
H2 = 22 mm and M1 = 2.4: �, Pt2/Pt1 = 0.20, throttling; �, Pt2/Pt1 = 0.04,
throttling; �, Pt2/Pt1 = 0.20, no throttling; and �, Pt2/Pt1 = 0.04, no
throttling.

Fig. 6 Effect of Mach number on wall pressure distributions.
H2 = 22 mm and M1 = 3.4: �, Pt2/Pt1 = 0.04, throttling, primary; �,
Pt2/Pt1 = 0.04, throttling, secondary; �, Pt2/Pt1 = 0.02, throttling, pri-
mary; �, Pt2/Pt1 = 0.02, throttling, secondary; �, Pt2/Pt1 = 0.02, no throt-
tling, primary; and �, Pt2/Pt1 = 0.02, no throttling, secondary.

region did not affect the pressure around the entrance of the test
section. According to the measurement of the pitot pressure, the
secondary flow was choked aerodynamically at around x/H1 = 6.
Under the throttling condition at Pt2/Pt1 = 0.20, shock waves and
expansion waves were reflected on the primary-flow side wall only
around the entrance of the test section. Downstream of x/H1 = 10,
the wall pressure increased and then decreased toward the down-
stream throat. The flow once decelerated to subsonic speed and then
choked at the downstream throat. Under conditions of throttling, the
larger the ratio of the total pressure of the secondary flow was, the
higher the ratio of the maximum pressure to the total pressure of the
primary flow in the test section.

Effect of the Mach Number of the Primary Flow
Figure 6 shows the wall pressure distributions on the primary- and

the secondary-flow side walls at the Mach number of the primary
flow of 3.4. The level of wall pressure at M1 = 3.4 was one-third
that at the M1 = 2.4. Even under the Pt2/Pt1 = 0.02 condition of
the underexpanded primary flow, choking at the downstream throat
was difficult and the flow separated near x/H1 = 25.

Model B and Model C Calculations
Figure 7 shows the pressure distributions calculated by model

c. Measured pressures on the secondary-flow side wall for the no-
throttling condition at M1 = 2.4 and H2 = 30 mm are also plotted
for two different pressure ratios. Figure 8 shows a schlieren photo-
graph around the entrance of the test section for the Pt2/Pt1 = 0.05
condition. The distributions calculated by model c showed good
agreement with the experimental results. The ends of the calculated
line indicate the positions of the aerodynamic choking of the sec-
ondary flow. The choking positions of the secondary flow shown
by pitot pressure measurement and the positions by model b are

Fig. 7 Pressure distributions calculated by model c, choking positions
of secondary flow calculated by model b, distributions measured on
secondary-flow side wall, and choking points of secondary flow by pitot
pressure measurement; H2 = 30 mm and M1 = 2.4: �, Pt2/Pt1 = 0.04,
M1 = 2.4, H2 = 30 mm; �, Pt2/Pt1 = 0.05, M1 = 2.4, H2 = 30 mm; ——,
Pt2/Pt1 = 0.04, model c; and – – –, Pt2/Pt1 = 0.05, model c.

Fig. 8 Schlieren photograph around entrance of test section, H2 =
30 mm, M1 = 2.4, and Pt1/Pt1 = 0.05.

Fig. 9 Ratio of mass flow rate of secondary flow, M1 = 2.4, and calcu-
lated mass flow rates of secondary fluid: �, H2 = 30 mm, throttling; �,
H2 = 16 mm, throttling; �, H2 = 30 mm, no throttling; �, H2 = 16 mm, no
throttling; ××, model a, H2 = 30 mm; +, model a, H2 = 16 mm; �, model
b, H2 = 30 mm; �, model b, H2 = 16 mm; �, model c, H2 = 30 mm; �,
model c, H2 = 16 mm; �, one-dimensional isentropic, H2 = 30 mm; and
�, one-dimensional isentropic, H2 = 16 mm.

also indicated. The pitot pressure was measured at 5 mm from the
secondary-flow side wall. The positions by model c showed good
agreement with the measured ones. The positions by model b were
located farther upstream than the measured ones. This was due to
the simplicity of the model, which does not include the effect of
reflection of the expansion fan.

Suction Performance
Effects of Total Pressure Ratio and Area Ratio

The results of the mass flow ratio are plotted against the total
pressure ratio in Fig. 9. The solid and the open symbols show data
under the throttling and no-throttling conditions, respectively. A
large circle indicates the choking condition of the secondary flow
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at the entrance. Under this condition, the mass flow ratio of the
secondary flow was proportional to the ratio of the total pressures.

In the region where the total pressure ratio was larger than 0.05,
the mass flow rate of the secondary flow decreased due to throttling
at the downstream throat. Under this condition, the high downstream
pressure affected the condition at the entrance of the test section so
that the secondary flow was not choked. The ratio of the mass flow
rate of the secondary flow increased with the increase of the ratio of
the total pressure of the secondary flow. As the cross section of the
secondary flow increased, the ratio of the secondary flow rate also
increased. The results calculated with model a agreed well with the
experimental results.

In the region of total pressure ratio smaller than about 0.05, the
mass flow rate of the secondary flow did not choke at the entrance
and was not affected by the downstream high pressure even under the
throttling condition. In the absence of throttling, the mass flow rate of
the secondary flow was not affected either. Under these conditions,
the secondary flow choked aerodynamically and the downstream
high pressure did not affect the flow conditions at the entrance.
Figure 9 shows the secondary flow rates calculated by models b and
c. The results of the two models agreed well with the experimen-
tal results. Under the aerodynamic choking condition, the suction
performance of the secondary flow rate can be estimated with these
models.

In Fig. 9, the results calculated with the one-dimensional isen-
tropic procedure are also indicated as one-dimensional isentropic.
In the calculation, properties of the primary and the secondary fluids
were calculated under isentropic assumptions, for example, conser-
vation of total pressure. The calculated amount of the entrained air
agreed well with the experimental results at H2 = 30 mm and was
lower than the experimental results at H2 = 16 mm. However, pres-
sure of the secondary flow was about 30% higher than pressure of
the primary flow at the aerodynamic choking point. Furthermore,
this isentropic model cannot predict the length of interaction either.

Effect of the Mach Number of the Primary Flow
Figure 10 shows the effect of the primary flow Mach number

on the mass flow rate of the secondary flow at H2 = 22 mm. In the
absence of throttling, there were no data for conditions with Pt2/Pt1

greater than 0.03 at M1 = 3.4. Under this condition, the influence
of the atmospheric pressure reached the entrance of the secondary
flow duct.

The secondary flow choked aerodynamically below 0.015 of
Pt2/Pt1 under the Mach 3.4 condition of the primary flow. Under the
Mach 2.4 condition of the primary flow, the secondary flow choked
aerodynamically below 0.06 of Pt2/Pt1 in the absence of throttling,
and below 0.04 in the throttling condition. The results calculated
with models b and c agreed with the experimental results under the

Fig. 10 Effect of Mach number of primary flow on secondary mass
flow rate, H2 = 22 mm: �, M1 = 3.4, no throttling; �, M1 = 2.4, no throt-
tling; �, M1 = 3.4, throttling; �, M1 = 2.4, throttling; ××, M1 = 3.4, model
a; +, M1 = 2.4, model a; �, M1 = 3.4, model b; �, M1 = 2.4, model b; 	,
M1 = 3.4, model c; �, M1 = 2.4, model c; �, M1 = 3.4, one-dimensional
isentropic; and �, M1 = 2.4, one-dimensional isentropic.

aerodynamic choking condition. With the one-dimensional model
employing the isentropic process throughout the interaction between
the primary and the secondary flows, two pressures are calculated
for each of the primary flow and the secondary flow.16,17 Under the
present experimental conditions, pressure of the secondary flow was
about 50% higher than that of the primary flow under the Mach 3.4
condition at the aerodynamic choking point and about 20% higher
under the Mach 2.4 condition.

The higher Mach number produced a greater secondary mass flow
rate. This tendency resembled that shown by previous results.16−18,24

The pressure at the entrance of the test section of the primary flow
decreased with the increase of the Mach number. At the specified
total pressure condition, the pressure at the entrance of the secondary
flow then became small and the induced mass flow rate increased.
In the lower level of the total pressure of the primary flow, however,
Fabri and Siestrunck16 and Fabri and Paulon17 have reported that the
mass flow rate of the secondary flow decreased with the increase
of the Mach number of the primary flow. In the experiments by
Fabri and Siestrunck, the cross section of the secondary flow at the
entrance becomes smaller with an increase of the nozzle exit area
of the primary flow and the flow rate of the secondary flow also
becomes smaller. Under these conditions, the suction performance
decreases with higher Mach number of the primary flow. On the
other hand, in the present study, the nozzle throat area was smaller
under the higher Mach number of the primary flow. The ratio of
the mass flow rate of the secondary flow to that of the primary flow
became larger at the same Pt2/Pt1 here.

Distributions of Mach Number and Mass Flux
Because the pressure of the inflow air is insufficient, sufficient

mixing of the air with the rocket exhaust and deceleration of the
mixture are required to attain high pressure in the diffuser section
of the ejector-jet engine. Figures 11–14 show the distributions of
the Mach number and the mass flux of the secondary fluid, respec-
tively, on the center plane of the cross sections at x/H1 = 6.0, 14.0,
22.0, and 25.2. The local mass flux of the secondary flow, ρ3u3ω, is
normalized with the mean mass flux of the secondary flow, ṁ2/A3.
Under sufficient throttling conditions, the fluids were decelerated to
subsonic speed and mixed as they passed through the pseudo-shock,
whereas with no throttling or insufficient throttling, the primary and
secondary fluids flowed out at supersonic speed and mixed due to
the shear layer. Data showing the effect of ambient pressure at the
exit are not plotted in Figs. 11–14.

Effect of Ratio of the Total Pressure
Figure 11 show the effect of the ratio of the total pressure on

the Mach number and Fig. 12 show its effect on the mass flux dis-
tribution. Profiles in Figs. 11 and 13 were obtained by assuming
constant static pressure across the flow, using the wall pressure. At
x/H1 = 6, the Mach numbers at Pt2/Pt1 = 0.08 and 0.14 under the
throttling condition were lower than those under the other condi-
tions. Under these conditions, the downstream throttling affected
the inflow conditions. At x/H1 = 25.2, both the primary and the
secondary flows were completely subsonic under the throttling con-
dition. Even at Pt2/Pt1 = 0.04, when the secondary flow choked
aerodynamically and the downstream throttling did not affect the
inflow condition of the secondary flow at the entrance, the flows
mixed sufficiently due to the downstream throttling. Mass flux of
the secondary flow showed a wide spread even at the beginning of
the pseudo-shock, x/H1 = 14.0 (Fig. 5). Fast and sufficient mixing
was attained in the deceleration condition through the pseudo-shock.
In the absence of throttling, even though the Mach number distri-
bution was smooth in the supersonic region, the flows did not mix
sufficiently.

Effects of the Area Ratio
Figure 13 show the effect of the area ratio on the Mach number

and Fig. 14 show its effect on the mass flux distributions. The ratio
of the total pressures of Pt2/Pt1 was 0.04 and the Mach number of
the primary flow was 2.4. Under these conditions, the throttling did
not affect the condition of the secondary flow at the entrance. In
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Fig. 11 Distributions of approximate Mach number, H2 = 22 mm and M1 = 2.4: �, Pt2/Pt1 = 0.04, throttling; �, Pt2/Pt1 = 0.08, throttling; �,
Pt2/Pt1 = 0.14, throttling; �, Pt2/Pt1 = 0.04, no throttling; and �, Pt2/Pt1 = 0.08, no throttling.

Fig. 12 Distributions of mass flux of the secondary flow, H2 = 22 mm and M1 = 2.4: �, Pt2/Pt1 = 0.04, throttling; �, Pt2/Pt1 = 0.08, throttling; �,
Pt2/Pt1 = 0.14, throttling; �, Pt2/Pt1 = 0.04, no throttling; �, Pt2/Pt1 = 0.08, no throttling; and �, Pt2/Pt1 = 0.14, no throttling.

Fig. 13 Distributions of the approximate Mach number, Pt2/Pt1 = 0.04 and M1 = 2.4: �, H2 = 16 mm, throttling; �, H2 = 22 mm, throttling; �,
H2 = 30 mm, throttling; �, H2 = 16 mm, no throttling; �, H2 = 22 mm, no throttling; and �, H2 = 30 mm, no throttling.

the case of H2 = 30 mm, however, the primary and secondary flows
did not mix sufficiently and the primary flow remained supersonic
and the secondary flow subsonic. Choking at the downstream throt-
tled valve was not attained with a larger ratio of the height of the
secondary flow to that of the primary flow. Under such condition,
mixing was insufficient through the shear layer within a restricted
length.

In the cases of H2 = 16 and 22 mm under the throttling condi-
tion, the mixed flows were subsonic upstream of the downstream
throat of x/H1 = 25.2. The secondary flow under the H2 = 16 mm
condition choked aerodynamically, and the pseudo-shock was initi-
ated from x/H1 = 3 (not shown here). Though the mass flux of the

secondary flow did not spread at x/H1 = 6, it showed a wide spread
at x/H1 = 14. Again, fast and sufficient mixing was attained.

Total Pressure Increase
An increase of pressure in the diffuser section due to sufficient

mixing is necessary for thrust augmentation of the ejector-jet. The
ratios of total pressure of the mixture to that of the primary flow,
Pt3/Pt1, under the throttling condition are in Fig. 15. Pt3 was cal-
culated with the average Mach number and the wall pressure at
x/H1 = 25.2. The higher the ratio of the total pressures and the
smaller the height of the secondary flow entrance, the larger is the ra-
tio of the mass flow rate of the primary flow and the larger is the
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Fig. 14 Distributions of the mass flux of the secondary flow, Pt2/Pt1 = 0.04 and M1 = 2.4: �, H2 = 16 mm, throttling; �, H2 = 22 mm, throttling; �,
H2 = 30 mm, throttling; �, H2 = 16 mm, no throttling; �, H2 = 22 mm, no throttling; and �, H2 = 30 mm, no throttling.

Fig. 15 Effect of ratio of total pressures, Pt2/Pt1, on total pressure
of the mixture and calculated total pressures of mixture: �, M1 = 2.4,
H2 = 16 mm; �, M1 = 2.4, H2 = 22 mm; �, M1 = 2.4, H2 = 30 mm; �,
M1 = 3.4, H2 = 22 mm; �, M1 = 3.4, H2 = 16 mm; —××—, model a,
M1 = 2.4, H2 = 22 mm; - -××- -, Downstream choking and model b,
M1 = 2.4, H2 = 22 mm; · · ·××· · ·, Downstream choking and model c,
M1 = 2.4, H2 = 22 mm; – – + – –, model a, M1 = 3.4, H2 = 22 mm; - -+- -
, Downstream choking and model b, M1 = 3.4, H2 = 22 mm; and · – + – ·,
Downstream choking and model c, M1 = 3.4, H2 = 22 mm.

total pressure of the mixture. The total pressure level of the M1 = 3.4
condition was about one-third that of the M1 = 2.4 condition. The
results by model a agreed well with the experimental results.

To predict the total pressure of the mixture, Pt3, in the aerody-
namic choking condition, the downstream choking condition was
combined with model b or model c for the suction condition. The
mass flow rate of the secondary flow was calculated with model
b or model c. The calculated flow rate was used as a boundary
condition, in addition to Pt1 and ṁ1. With these boundary condi-
tions and the choking condition at the downstream throat, the total
pressure of the mixture was calculated. The total pressure of the
secondary flow was also calculated, but such a calculated value is
not usually equal to the total pressure of the secondary flow ap-
plied in the experiments and used to calculate the mass flow rate
of the secondary flow. This is a contradiction from the combina-
tion of models in relation to the actual flow conditions. The model
was applied to the test condition from the engineering viewpoint
here. Figure 15 shows that the pressures calculated with the model
under the condition of H2 = 22 mm approximately agreed with
the experimental values. The calculated results under the condition
H2 = 16 mm also agreed with the experimental results, which are
not plotted in Fig. 15. In the present experimental conditions, the
combination model approximately predicted the total pressure of
the mixture.

The pressure recovery of the mixture is discussed here. Mass
flow rate of the mixture is expressed as follows under the choking
condition at the downstream throat:

ṁ3 = Ath · Pt3

√
γ /R · Tt

{
1/[(γ + 1)/2](γ + 1)/2(γ − 1)

}
(1)

= ṁ1 + ṁ2

= (1 + r) · ṁ1

Isentropic change in the convergent section is presumed. Here,

r = ṁ2/ṁ1 (2)

Mass flow rate of the primary flow is as follows:

ṁ1 = A1 · Pt1

√
γ /R · Tt · M1

·
((

1
/{

1 + [(γ − 1)/2]M2
1

}(γ + 1)/2(γ − 1)
))

(3)

With Eqs. (1) and (3), the following relation is derived:

Pt3

Pt1
= A1(1 + r)

Ath
· M1 ·

{
(γ + 1)/2

1 + [(γ − 1)/2]M2
1

}(γ + 1)/2(γ − 1)

(4)

Around r = 0–0.5 and under the fixed contraction ratio of A1/Ath,
total pressure of the mixture, Pt3, becomes smaller at larger Mach
number of the primary flow, M1, in the supersonic ejector. The
decreasing factor depends on the Mach number, as shown in Eq. (4).
As the Mach number of the primary flow decreases to unity, the total
pressure of the mixture, Pt3, becomes large and the total pressure
loss becomes small. When the total pressure of the secondary flow
increases, the mass flow rate increases and the total pressure of
the mixture increases. As shown in the preceding section, however,
the suction performance decreases with the decrease of the Mach
number of the primary flow.

In some studies,18,24 the pressure of the mixture has been found
to be larger at higher Mach number of the primary flow. However,
this opposite finding resulted from different specifications of the test
conditions or different ways of indicating the test results than those
of the present study. In one such study,18 the throat section of the
primary flow was specified. Thus, the mass flow rate of the primary
flow was proportional to the total pressure of the primary flow. As
shown in an earlier section, the mass flow rate of the secondary
fluid increased with the increase of the Mach number of the primary
flow due to the increase of the suction performance. Under such a
condition, Pt3 increases with the increase of the Mach number of
the primary flow. In another study,24 the total pressure of the mixture
was normalized by the total pressure of the secondary flow. When
the total pressure of the primary flow was used for normalization,
the total pressure of the mixture increased with the decrease of the
Mach number of the primary flow.
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Conclusions
Aerodynamic tests of the ejector-jet were conducted. Evaluation

of a new one-dimensional model of suction performance under the
aerodynamic-choking condition and observation of the mixing pro-
cess through the pseudo-shock were primary subjects of the present
study. The parameters were the ratio of the total pressures, the ratio
of the entrance areas, and the Mach number of the primary flow.
The investigation clarified the following points.

1) The suction performance could be predicted well with the new
one-dimensional model, in which pressures of the primary and the
secondary flows were the same.

2) The position of the aerodynamic choking predicted with the
new one-dimensional model was upstream of the measured one, as
shown by the lack of effect of reflection of the expansion waves of
the primary flow. The position could be predicted well with a model
using the method of characteristics.

3) Sufficient mixing was attained in the deceleration process
to subsonic speed through the pseudo-shock. Mixing progressed
quickly in the pseudo-shock.
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