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The pressure matching performance of the constant area supersonic-supersonic
ejector has been studied by varying the primary and secondary Mach numbers.
The effect of the primary fluid injection configurations in ejector, namely periph-
eral and central, has been investigated as well. Schlieren pictures of flow struc-
ture in the former part of the mixing duct with different stagnation pressure ratio
of the primary and secondary flows have been taken. Pressure ratios of the pri-
mary and secondary flows at the limiting condition have been obtained from the
results of pressure and optical measurements. Additionally, a computational fluid
dynamics analysis has been performed to clarify the physical meaning of the
pressure matching performance diagram of the ejector. The obtained results
show that the pressure matching performance of the constant area supersonic-
-supersonic ejector increases with the increase of the secondary Mach number,
and the performance decreases slightly with the increase of the primary Mach
number. The phenomenon of boundary layer separation induced by shock wave
results in weaker pressure matching performance of the central ejector than that
of the peripheral one. Furthermore, based on the observations of the experiment,
a simplified analytical model has been proposed to predict the limiting pressure
ratio, and the predicted values obtained by this model agree well with the exper-
imental data.
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pressure matching

Introduction

Supersonic ejectors are fluid devices in which two fluid streams are allowed to per-
form the mixing and re-compression. One fluid with higher total energy is the primary flow,
and the other fluid with lower total energy is the secondary flow. In a supersonic ejector,
transfer of mechanical energy from the primary flow to secondary flow is accomplished by
mixing of these two streams, and supersonic ejector is operated without moving parts. Its
simplicity makes supersonic ejectors found many applications in engineering, such as high-
altitude test facilities [1], ejector ramjets [2], and ejector based refrigeration cycle [3], efc.
However, the primary motivation for this investigation is the application of the supersonic
ejector as the pressure recovery system in the high-energy chemical laser. In the continuous-
wave chemical laser, the flow at the laser cavity exit is supersonic and with low static pressure
(~400 Pa) [4]. To start and sustain the lasing process, the laser cavity flow must be pumped to
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the ambient condition. Thus, the pressure recovery system is necessary for the high-energy
chemical laser system.

The subsonic-supersonic ejector is used as the conventional approach to solve the
pressure recovery problem in the past decades, fig. 1(a). However, the requirement of high
flexibility on the transportable tactical high-energy laser expects a further reduction on the
weight and volume with a better performance of the pressure recovery system [5]. The super-
sonic-supersonic ejector (SSE), fig. 1(b), seems to be a very suitable means to satisfy the re-
quirement of the tactical high-energy laser mentioned above [6]. In the supersonic-supersonic
ejector, the diffusers between the laser cavity exit and the ejector are eliminated, and the su-
personic laser cavity flow is pumped directly by the supersonic ejector.
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Figure 1. Approachesto the pressurerecovery problem; (a) subsonic-supersonic g ector,
(b) super sonic-super sonic g ector

However, investigations on the supersonic-supersonic ejector [7] have been rarely
reported. In 1980s, Mikkelsen et al. [8], and Dutton et al. [9] performed 1-D analyses of the
constant area supersonic-supersonic ejector (CASSE), and a series of small-scale CASSE ex-
periments have been conducted to validate the theoretical results. Recently, researches con-
cerned with the SSE have not been available in the open literature until the work of Dvorak et
al. [10, 11] on a 2-D CASSE, and the flow structures in former part of the mixing duct and the
transonic instability of the ejector were analyzed.

For a supersonic-supersonic ejector, the Mach number of the secondary flow at the
mixing duct inlet must be greater than unity. However, if the primary-to-secondary inlet static
pressure ratio is great than unity, the secondary flow is compressed by the mutual interaction
of the primary and secondary flows within the mixing duct, this process is limited, and a con-
dition is eventually reached for which the secondary flow is compressed to “aerodynamic
choking” condition, fig. 2. The inlet static pressure ratio of the primary and secondary flows &
(= Pyi/Pg) at this limiting condition is called the limit pressure ratio (&;);im. When the value of
& exceeds the value of (&), separation of the secondary flow occurs. Thus, (&) 1s used as
the criterion to estimate the pressure matching performance of the CASSE.
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Due to the low cavity pressure of the
high-energy chemical laser, high compres-
sion ratio Py/Py is required. Figure 3 illus-
trates a typical operation plane for the CAS-
SE, and the uppermost boundary of the
plane defines the maximum compression ra-
tio of the ejector. In fig. 3 it is observed that
the value of the maximum compression ratio
at the limiting condition is greater than that
at the matched pressure condition. However,
when & exceeds (&)um, performance of the
ejector declines because of the separation of
the secondary flow [9]. Therefore, the pres-
sure matching performance of the constant
area supersonic-supersonic ejector should be
investigated in detail.

Experimental setup and
numerical methods

Experimental set-up

In this study, the rectangular CASSE
with the depth being 80 mm are investigat-
ed. Figure 4 shows the schematic view of
the model ejectors, the supersonic primary
flow is symmetrically injected along the top
and bottom walls, and the secondary flow is
injected through a constant area isolator
with its length being 270 mm. Then, the
primary and secondary flows mix in the
840 mm long constant area mixing duct
which is 84 mm high. The primary and sec-
ondary inlet heights at the entrance of the
mixing duct are 20 mm and 40 mm, respec-
tively. Both the primary and secondary noz-
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Figure 2. Schematic of theflow field at the limiting
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Figure 4. Schematic of the investigated model
gectors

zles are designed by the method of characteristics to produce uniform distributions of velocity
and pressure at the confluence point of two streams. Pressure taps are installed at six locations,
namely, two stagnation pressures of the primary flows (Py, , and Py, 4, respectively), stagnation
pressure of the secondary flow (Py), and static pressures of the primary and secondary flows at
the entrance of the mixing duct (P; y, Py ¢, and Pg). Piezopressure transducers with an operat-
ing range of 0-1 MPa and an accuracy of 0.5% are used to measure Py, , and Py, 4, and the
transducers with a range of 0-100 kPa and an accuracy of 0.05% are used for the measurement
of the pressure at the other points. The data rates of all the pressure measurements are 1000 Hz.

The Mach numbers of the primary and secondary at the entrance of the mixing duct
are calibrated by the measured pressures via eq. (1):

n(y, M;) ()
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Table 1. Inlet Mach numbersfor the gector where
experiments
e
No. My Mg M w(y, M) = (1 n y—1 M2 J}"l ?)
Ejector 1 1.58 2
Ejector 2 2.85+ 1% 1.74 .
Ej_ector3 ’ o1 The calibrated Mach numbers at the
J.ec or - mixing duct inlet are listed in tab. 1.
EJ.eCtor 4 1.58 The schematic of the test facility is il-
Ejector 5 3.2 £0.5% 1.74 lustrated in fig. 5. Both the primary and
Ejector 6 1.91 secondary fluids are the compressed air
ey . from a pressure tank, and these two fluids
Primary i e /ﬁ /- are led through the closing and control
flow : 4

valves to the ejector. Then the mixed flow
is led through a final stagnation chamber
with back pressure control valve, which is

flow

g located downstream from the ejector exit.

Secondary 1 .
flow To However, the back pressure control valve is

P—P4 ok fully open in the current study. .

The characteristic of flow in the su-
personic ejector is rather complex, shock
Figure5. Test installation of the investigated waves, mixing layers, the mn teractlp n be-
mode! ejectors; tween shock waves and the interaction be-
1 — compressor, 2 — pressure tank, tween shock waves and mixing layers oc-
3 — terminal and closing valves, for the secondary flow, cur frequently, and the schlieren method
4 — terminal and closing valves, for the primary flow, seems to be very suitable for investigation.

5 — Schlieren device, 6 — ejector, 7 — stagnation

chamber with back pressure, control valve Schlieren pictures are taken with turning

the knife edge to horizontal position (0 de-
gree), so the optical measurements are sensitive to changes of density in direction perpendicu-
lar to the symmetrical plane of the ejector, and the right-most border of the region visible at
optical measurements is approximately 100 mm downstream from the mixing duct inlet.

Numerical model

In the current computational analysis, the 2-D Reynolds averaged Navier-Stokes
(RANS) equations are solved with the density based solver of FLUENT [12]. The k-¢ RNG
turbulence model with the enhanced wall treatment is employed to simulate the turbulent flow
field in the ejector, and the k-¢ RNG model is selected for it gives good results for the shock
phase and strength [13]. The equations are solved using a finite-volume integration scheme,
the second order spatially accurate upwind scheme with the advection upstream splitting
method (AUSM) flux vector splitting is utilized.

The cold air is considered to be a calorically perfect gas with a constant ratio of spe-
cific heats, namely y = 1.4. The air, using the idea gas approximation, and the total tempera-
ture is 293.15 K, is used as the working fluid. The Sutherland law of viscosity is employed.
The solutions can be considered as converged when most of the residuals reach their mini-
mum values after falling for more than three orders of magnitude, and the computed in flow
and the outflow mass flux is required to drop below 0.0001 kg/s.

The domain of the ejectors is considered to be symmetrical about the central plane.
Boundary conditions are defined by inlet pressure in entrances of the ejector and by outlet pres-
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sure at the exit of the ejector, and no-slip conditions are applied along the solid walls by setting
the velocity components to zero and nullifying the energy contributions of the wall faces to the
dissipative fluxes. The structured quadrilateral mesh containing approximately 90,000 cells is
created by the commercial software Gambit. The concentration of grid density is focused on the
areas where significant phenomena is expected [14], also the grid is densely clustered near the
walls of the mixing duct, and the height of the first row of cells is set at a distance to the wall of
0.01 mm, which results in a value of y+ smaller than 1.0 for all of the flow field.

Results and discussion

Supersonic flow structures with varied pressure ratio

The essential of the pressure matching between the primary and secondary flows in
the CASSE is the interaction of two supersonic jets in a confined duct. In this section, the near
field flow structures of the primary and secondary jets with varied ¢& are studied. Since the
primary and secondary inlet static pressures, Py and Pg, are difficult to be obtained when op-
tical measurements are performed, thus, the stagnation pressure ratio & (=Py/Pys) is also used
in this paper, and the corresponding & can be determined by using eq. (1).

Figure 6 shows the super-
sonic flow field in former part
of the mixing duct of the ejec-
tor 3 for different &.

In fig. 6(a), when & = 6.6,

and the corresponding & =~ 1.6,
the secondary flow is com- e — ., P crrrery e
pressed and two oblique shock c = T

waves, namely Al and A2, in-
tersect at the symmetric plane,
and two shock waves B1 and
B2 go on. The angles of shock
waves Al and A2, together
with their reflected shock
waves Bl and B2, increase
with the increase of &, figs.
6(b)-(d). However, it is ob-
served from the numerical re-
sults shown in figs. 6(a)-(d),
the reflected shock waves Bl
and B2 are strong oblique
shock waves when & = 13.1,

= ﬁ
and the ShOCk waves B1 and Subsonic region Subsonic region Subsonic region
B2 are weak ones in the other @Z=131 ©Z=140 HZ=156

cases. As depicted in fig. 6(e),
when & increases to 14.0, a
Mach disc appears in the sec-
ondary flow. As & increases further, the secondary inlet at the mixing duct entrance is no
longer occupied by the supersonic secondary flow completely, the boundary layer of the sec-
ondary flow separates in the isolator, and a shock train runs into the mixing duct, fig. 6(f).

Figure 6. Flow structuresin former part of the mixing duct of the
CASSE with different & (for color image see journal web-site)
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Thus, there exists a limiting pressure ratio (¢)iim 01, When ¢&; exceeds (¢)iim o1, separation of the
secondary flow occurs. However, (&)im o1 is hard to be obtained accurately via schlieren pic-
tures, an alternate “limiting pressure ratio”, (&)im o2, 1s set in this paper when the Mach disc
just disappears, as depicted in fig. 6(d). Thus, the value of ()im 02 can be determined experi-
mentally, in this case, (&)im 02 = 3.11, and the value of (&)iim 01 1S determined by numerical
computation in the following sections.

Effect of the primary and secondary Mach numbers
on the pressure matching performance

40 - The limiting pressure ratios
@m | 2 Y R of the CASSE with different
35 7 () lim-01 (<) lim-02 (<) lim-theoretical : :
1 7/ (Model proposed by Dulton, et al.) inlet primary and secondag
e e e P V'N _________________________ 7 Mach numbers are presented in
: %\ 7 ‘é fig.7, and the limiting pressure
25 7\ % 'y/ : ratios calculated by the theoret-
% Z % % ical model proposed by Dutton
20 P //‘\\ : % = // _% p p ) y ]
é\ % % ‘//' et al. [9] are also given.
15 NS é\ é 2% é -—% ¥ It is observed from fig. 7
3 Z'g 7’ RS // 3 é that, the pressure matching
10 : -%Q é EEE % e ? ; performance of the CASSE
b 2 %%\ 2 / B / :"‘3 ] increases with the increase of
' NEINSIANGIONE h d h numb
.% % & U = é the secondary Mach number,
00 Ejector 2 E/j:a\clor 3 E/je:no 4 E/jetlors Ejector 6 and the p erformance decreases

slightly with the increase of
the primary Mach number.

The effect of the secondary Mach number on the pressure matching performance can
be explained by the model proposed by Dutton, et al. The flow model is shown in fig. 2 with
the assumptions [9]:

Figure 7. Comparison of thelimiting pressureratios

— The primary and secondary streams

PP pa A S A remain distinct and do not mix be-
Secondary | ,° Slip{r: . ML= tween stations i and 2.
Row : - il AQE —  The flow is isentropic for both the pri-
e I A ,fTTf.!Tf,fin,e_._._._E? mary and secondary flows between
i 2 stations i and 2.
Figure8. Control volumeof thesecondary flow — The Mach number of the secondary

flow at station 2 is unity, i. e. My = 1.0.

M., Ay, and A keep constant, and Py is assumed to be unaltered when M increas-
es. Figure 8 shows the control volume of the secondary flow in section i-2.

Applying the momentum conservation equation to this control volume yields:

Pidg(L+y,M3) = Pydg(1+ y, M%) +

“ — 3)
+ [ Pdd= P, 4, (1+yM3) + P (45 - Ay)

A

s2

Re-arranging eq. (3) as:
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Figure 9 shows the variation of P / P; with the increase of M; when y, =1.4.
It is illustrated in fig. 9 that P, /F; is a monotonically increasing function of M.
When M increases, the slipline moves toward the symmetrical plane, and the cross-sectional

area of the primary flow between i and 2 increases.

Since Py is assumed unaltered and ﬁp is the average - w2 I
static pressure of the primary flow between i and 2, 7/ | o= ™
an increase of P, /P; can be obtained only when Py “of
increases. Therefore, the limiting pressure ratio of i

30F

the CASSE increases with the increase of the sec-
ondary Mach number. I
Although the model proposed by Dutton, et al. 20
shows good applicability in explaining the influence :
of the secondary Mach number, the theoretical value 10

of (&)im calculated by this model is much smaller .

than (&)iim o1 and (&)im o2, fig. 7. It is learned from T M 10
the fundamental of the aerodynamics that shock _ #l
wave is inevitable when decelerating a supersonic Figure9. B, /Py vs. Mg when = 1.4

flow, and the supersonic structures in the former part

of the mixing duct given in last section also show that, the strength of the shock waves in the
secondary flow is fairly strong when & keeps near to the limiting condition. However, the as-
sumption of an isentropic compression of the secondary flow is used in the model proposed by
Dutton, et al., the deviation of this assumption from the actual compression process of the su-
personic flow results in a large underestimate of the limiting pressure ratio.

The pressure matching performance
of the central CASSE

As for a supersonic ejector, there are two types of ejectors, namely the peripheral
and central ejectors. Figure 10 illustrates the cross-sectional view of the mixing duct inlet for
both the peripheral and central ejectors.

Figure 11 shows the comparison of the predicted limiting pressure ratios calculated
by the model proposed by Dutton, et al. with the experimental results of the central CASSE
(adapted from [9]). It is observed from fig. 11 that the experimental limiting pressure ratios of
the central CASSE are smaller than the theoretical values, and this is just opposite for the pe-
ripheral ones, fig. 7.
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Figure 11. Comparison of the theoretical and
experimental limiting pressureratio of the central
CASSE with M,,; = 2.5. (adapted from [9])

Central ejector Central ejector

e L)oo L Figure 12 shows flow structures in former
Figure 10. Cross-sectional view of the part of the mixing duct of a central CASSE (ejector
mixing duct inlet for the peripheral and 3 central CASSE) with different &, and ejector 3
central ejectors central CASSE has the same inlet primary and

secondary Mach numbers as ejector 3 peripheral
CASSE lists in tab.1. It is observed from fig. 12(c) that the secondary flow separation occurs
when & = 12.7, however, the secondary inlet of the ejector 3 peripheral CASSE is still occu-
pied by the complete supersonic secondary flow when & = 14.0, fig. 6(e).
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Figure 12. Flow structuresin the former part of the mixing duct of the g ector 3 central CASSE
with different & (for color image see journal web-site)

The streamlines in the former part of the mixing duct of the central CASSE are
shown in fig. 13. It is observed from fig.13 that a recirculation zone is formed because of
the boundary layer separation, and this separation is induced by shock waves. The recircula-
tion zone reduces the effective area of the secondary flow, and this results in a stronger
compression of the secondary flow. Thus, the pressure gradient along the flow direction of
the secondary flow increases. This means that the local back pressure of the secondary flow
at the mixing duct inlet increases. Therefore, the pressure matching performance of the cen-
tral CASSE is reduced by boundary layer separation induced by shock waves.
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Figure 13. Streamlinesin the former part of the mixing duct of the g ector 3 central CASSE

A modified model for predicting the limiting
pressure ratio of the CASSE

Since the strength of shock waves in the secondary flow just downstream the mixing
duct inlet is fairly strong when ¢ keeps near to the limiting condition, the effect of the shock
waves must be considered in the theoretical model for predicting the limiting pressure ratio.
Figure 14 is a schematic of the flow field in concern.
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Figure 14. Diagram of stations and nomenclature used in thetheoretical analysis

When wall shear stresses are negligible, the momentum conservation equation can be
applied to the primary and secondary flows as a whole control volume between stations i and 2.
It is assumed that the mixing of the primary and secondary flows is negligible between stations i
and 2, thus, the mass conservation equation can be applied to the primary and secondary flows,
respectively. By applying the mass and momentum conservation equations together with the
following assumptions, the limiting pressure ratio of the CASSE can be determined.
(1) The flow between stations i and 2 is steady, adiabatic and one-dimensional.
(2) The working fluids are ideal gases with constant specific heat ratio, namely y, and .
(3) The primary and secondary flows are piecewise uniform at station i.
(4) The static pressures are such that Py; > Pg.
(5) The primary flow is isentropic between stations i and 2.
(6) The secondary flow is choked at station 2.
(7) The secondary flow experiences an oblique shock wave A, the shock wave angle S, is
determined by the maximum turning angle for given Mach number upstream of the
oblique shock wave.
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(8) The oblique shock wave A affects only the properties of the secondary flow after station 1.
(9) The secondary flow is uniform at station 1, and it is isentropic between stations 1 and 2.
One consequence of assumption (7) is that the shock wave standing at the exit of
isolator is a strong oblique shock wave. Of course, the true oblique shock wave induced by
the turning angle is a weak one.
Applying the momentum conservation equation to the primary and secondary flows
between stations i and 2 together with assumptions (1 and 3) yields:

PyAy(1+ 7, M) + P Ag (14 yM3) = Py Ay (14 7, M 3) + Py A (1+ 7, M ) (7)

Re-arranging eq. (7) as:

Py A 0. M)
iiz F;i Asi fl(ysaMsi) (8)
P, Ay fi(r,. M) By Ay £(y,, M)

A5 §(r. Mg) Ry A fi(rs, M)

-
fi(y, M)=1+yM’ ) AyfAy 1y Ty

i

The equation: Calculate 8, via eq. (10)
) 1 ¥
SIN Prax = W : Calculate P_/P, via eq. (11)
(10) !
_[7:1 2 _1+\/(1+7/) (1+ 72—1 M2+ 7121 M4j} Calculate A_/A, via eq. (14)

Compute M_, by using eq. (16} |

is used to solve for the angle of the oblique shock wave fax
corresponding to the maximum turning angle for given Mach
number upstream of the oblique shock wave. Since S, is ob-
tained, My, Ps1/Pg, and P /Py can be determined (see flow
chart on fig. 15). By applying assumption (9), then:

| Calculate P, /P, via eq. (17) |

| Determine P, /P, via eq. (8) |

¥
P, P, P, w(y,M,) P
82 182 T8l s, My) By (11) P_IP, is the limiting
Psi Psl [;i 7.5(7/5 ’ MsZ) Psi pressure ratio
By assumption (6), My, = 1.0, and applying the mass Figure 15. Flow chart for
conservation equation to the secondary flow between stations  deter mining the limiting

iand 2: pressureratio
Fsi R P a(ys, M)
VVS =Ks = Asi q(ys’Msi)=Ks e ASZ q(}/S’MSZ)j ASZ =_1 > = (12)
\ Tts Y, Tts Asi PtsZ q(ys > MSZ)

where

q, M):M[}/—[Hy—_leH_z(H) (13)
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According to assumption (9), Py, = Py, therefore:
ﬁ: Ptsi q(ysn Msi)

(14)
Asi Ptsl q(75> 1'0)
The isentropic area ratio function is expressed as:
y+1
— 2(r-1)
4 _1 (1+_}/ 1M2) 2 =f,(y, M) (15)
A, M 2 y+1
and the subscript “cr” stands for the aerodynamic choking condition.
For a constant area ejector:
@:ApiJrAsi_Asz By, M) 16)

Ay Ay fZ(}/p’ Mpi)

The primary Mach number at station 2, M, is the supersonic solution of eq. (16).
Since My, is obtained, by assumption (5), then:

i:n(ypaMpi) (17)
iji TC(}/ p° M p2)

Combining egs. (8), (11), (14), and (17) with M, = 1.0, M,; is obtained by solving
eq. (16), together with the ejector parameters yp, ys, Mpi, Msi, and Api/As, then the limiting
pressure ratio of the constant area supersonic-supersonic ejector is found.

Figure 16 shows the comparison between the calculated (&), by the present model
and the model proposed by Dutton, ef al. (&)iim 01 and (&)iim 02, Which are used as the bench-
mark to estimate the precision of the theoretical value, are also given in fig. 16. It is observed
from fig. 16 that the present model gives a superior agreement between the calculated (&)jim
and the experimental (&;)iim 0> compared to the model proposed by Dutton, et al. Within the
range of parameters investigated in the current study, the calculated (&), by the present mod-

6 6
©) I Theoretical (present model) ©), i Theoretical (present model)
2i/im | ————— Theoretical (Dutton, et al.) Silim | ————— Theoretical (Dutton, et al.)
5 8 (&)0z (€xperimental) sk 8 (&)imoz (experimental)
- (&m0 (numerical) B (;ﬁ)"mm (numerical)

S
(@) M, =2.85 (b) M, =3.20

Figure 16. Comparison between the theoretical and experimental/numerical (&)iim
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el agrees well with the experimental (&;)iim 02, especially when the primary Mach number is
relatively high. However, the calculated (&);im by the present model is still 14-21% less than
(&)iim 01 when M, = 2.85, and 6-18% less than (&;)iim 01 When M,,; = 3.2. This discrepancy may
be caused by the simplification of the complex and strong shock waves, and the ignorance of
the complex physical phenomena, such as mixing of the primary and secondary flows, shock
wave/mixing layer interaction, efc.

Conclusions

The interactions between the primary and secondary flow in a confined mixing duct
have been investigated experimentally and numerically, the physical meaning of the pressure
matching performance of the constant area supersonic-supersonic ejector has been clarified.
Influences of the primary and secondary Mach numbers on the pressure matching perfor-
mance of the ejectors have been examined, and the primary fluid injection configuration in
ejectors has been studied as well. Based on the results of experiments and numerical simula-
tions, a simplified analytical model has been proposed to predict the limiting pressure ratio of
the constant area supersonic-supersonic ejector. From these investigations, we have come to
the following conclusions.
® When the pressure ratio of the primary and secondary flows keeps near to the limiting

condition, the complex shock wave structures are generated in the secondary flow, and
these shock waves improve the pressure matching performance of the constant area super-
sonic-supersonic ejector.

o The limiting pressure ratio of the constant area supersonic-supersonic ejector increases
with the increase of the secondary Mach number, and this limiting pressure ratio decreas-
es slightly with the increase of the primary Mach number.

o The pressure matching performance of the central constant area supersonic-supersonic
ejector is lower than that of the peripheral one, and this is due to boundary layer separa-
tion induced by shock wave in the central supersonic-supersonic ejector.

e By introducing a strong oblique shock wave into a previous isentropic compression mod-
el, the gap between the theoretical value of the limiting pressure ratio and the experi-
mental one is reduced from 30-35% to approximately 10%.
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Nomenclature

A — cross-sectional area, [mz] Subscripts
M —Mach number [= ¥ (yRT) 7], [-]
P —pressure, [Pa]

R — gas constant, [Jkg 'K™']

T - temperature, [K]

i, 1,2 —station i, 2 in fig. 2 and station i, 1, 2 in fig. 14
lim — limiting condition
max — maximum value

v —velocity, [ms '] Is) :Is)élcrcl)lr?(ri};r
W — mass flow rate, [kgs '] ary .
t — stagnation condition

Greek symbols Abbreviations

S — oblique shock wave angle, [°]
y — specific heat ratio, [-]
¢ — pressure ratio, [—]

CASSE - constant area supersonic-supersonic ejector
SSE — supersonic-supersonic ejector
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